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Abstract 
 
The aims of this study were to form uncompressed thermobonded 3D wool nonwoven shell 
structures in one continuous process, and to study the controlling factors that govern this 
process. Lack of bonding between wool fibres and between wool and thermoplastic fibres 
was attributed to the wool fibre’s low surface energy because of the lipids on the outer 
surface of wool fibres (epicuticle). To overcome this problem, three different surface 
treatments were investigated; chlorination, Hercosett and plasma. The purpose of these 
treatments was to raise the surface energy of wool fibres by bond scission and the 
introduction of new functional polar groups and ablation of the outer lipid layer or 
membrane. For thermobonding with wool fibres, low melting nylon fibres were chosen 
because of their high polarity and chemical compatibility with wool fibres. SEM, BSM and 
ESEM imaging techniques as well as tensile strength testing for single fibres, pair bonded 
samples and 3D nonwoven shells were used to assess the samples. Results have shown that 
it is possible to thermobond wool and nylon fibres as 3D shell structures, given that wool 
fibres are treated appropriately and the bonding temperature is controlled properly. 
Moreover, it has been found that, for pair bonded samples, the wrapping angle and the 
bonding angle have significant effects on the tensile strength and number of bonding 
points. Hercosett treated wool fibres yielded the strongest bonds with nylon fibres followed 
by plasma, chlorinated and untreated fibres. 
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Chapter 1 Introduction 
 
During recent years, manufacturing techniques for preshaped fibrous formations known as 
preforms have been increasing in importance. Yet the main obstacles that seem to prevent 
preforms from achieving a mass production status are that they are expensive to produce, 
time consuming and in many cases complicated as far as the production process is 
concerned. Accordingly, if economical production can be achieved, innovative products 
could be realized. 
 
One of the promising technologies that has the potential to realize the concept of 
economical production as well as diversity of products in the realm of preforms is the 3D 
nonwoven machine that has been recently designed and developed at The University of 
Manchester. 
 
One of the promising technologies that has the potential to realize the concept of 
economical production as well as diversity of products in the realm of preforms is the pilot 
3D nonwoven machine that has been recently designed and developed at The University of 
Manchester. This novel machine is capable of producing simple synthetic fibrous 3D shell 
structures in one continuous process through a combination of air laying and hot through 
air thermobonding techniques. The study was mainly devoted to the possibility of 
thermobonding wool fibres and thermoplastic fibres as uncompressed 3D shell structures 
on that particular machine. Wool was the fibre of choice in this study due to its excellent 
mechanical and physical properties such as bulkiness, resilience, heat insulation, sound 
proofing, elasticity and softness among others. Moreover, as the 3D shell structure is 
produced in one continuous process, it eliminates the majority of the processing steps 
usually needed in manufacturing wool products, and thus reducing the high conversion 
costs, which have hindered the use of wool fibres in technical textiles. Nevertheless the 
main difficulty seemed to arise from scarcity of studies dealing with thermobonding of 
wool and thermoplastic fibres, especially those concerned with 3D structures. The few 
studies that have dealt with the possibility of thermobonding wool fibres with a wide range 
of thermoplastic fibres in the form of 2D webs, have concluded that any thermobonding 
between wool and the aforementioned fibres was either extremely weak, or nonexistent, 
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even after wool surface treatments. The result was that wool fibres were only mechanically 
trapped in a network of bonded thermoplastic fibres, and hence their minimal contribution 
towards the final product properties. Moreover, no studies have included nylon fibres as a 
viable bonding alternative, although nylon fibres posses desirable qualities, which may aid 
them to achieve a satisfactory bonding with wool fibres. In addition, safe processing 
temperatures were of great importance in this study in order to preserve the natural 
qualities of wool fibres. Accordingly, the controlling factors that govern this process, 
including fibre type, blending ratio, pre-treatment, bonding temperature, dwell time, 
bonding angle and wrapping angle were studied to determine their effect on the final 
product properties. 
 
The thesis is laid out as follows: 
 
1- Chapter 1: Introduction 
2- Chapter 2: Literature review 
3- Chapter 3: Proposed research project and preliminary experiments 
4- Chapter 4: Wool surface modification treatments and single fibre tensile strength 
5- Chapter 5: Impact of wool surface treatments on bond tensile strength of pair 
bonded samples 
6- Chapter 6: Effect of wrapping and bonding angle on pair bonding tensile strength 
and number of bonds 
7- Chapter 7: Hot through air thermobonding of wool/nylon 3D shells 
8- Chapter 8: Conclusions and recommendations 
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Chapter 2 Literature review 
 
2.1 Brief history of nonwovens 
The first production method for textiles was most probably the processing of animal hair 
by felting, which is a mechanical action utilising water, heat, and chemicals. At the 
beginning of the 19th century, the need to reclaim industrial fibre wastes and old textiles 
was one of the greatest driving forces for the development of nonwovens. Between the 
years of 1940 and 1960 a rapid development of new non-traditional production methods 
was observed to meet the increasing demand for low cost textiles, and this was greatly 
aided by the rapid progress in chemistry and polymer science [1]. Until today, nonwovens 
technology is still driven by its unmatched production flexibility, low cost and most 
importantly its highly specialized products [2]. 
2.1.1 Nonwoven definition 
The term ‘nonwovens’ is used in most languages for something that is not woven [3]. 
Trying to find a definition for nonwovens has not been straight forward, as there was a 
desire to differentiate it from paper. This desire led to various interpretations for the 
definition of nonwovens [4]. The textile institute defines nonwovens as [5]:  
“Fabrics normally made from continuous filaments or from staple fibre webs or batts 
strengthened by bonding using various techniques: these include adhesive bonding, 
mechanical interlocking by needling or fluid jet entanglement, thermal bonding and stitch 
bonding.” 
2.1.1.1 3D nonwoven definition 
Although there is no distinct definition for 3D nonwovens, a 3D nonwoven may be defined 
as a three dimensional fibrous product with a special emphasis on the height and/or depth 
aspect of it [6], regardless of whether it is made in a one or multi-step process [7]. 
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Examples of 3D nonwovens 
Three dimensional nonwovens can be produced by different manufacturing methods and 
hence the following methods are just a few examples: 
 
1- A multi-layer product in which two or more layers of nonwoven webs are linked 
together at matrix points by needle punching [8]. Such structures are formed from 
two or more prefabricated nonwovens which are layered upon each other with the 
help of special spacers,  then the layers are bonded together with the help of special 
barb needles [9] 
2- Large cylindrical or conical parts up to 2.6 m diameter and 3 m length, Fig. 2-1, 
used as solid rocket motor nozzles produced by Snecma Propulsion Solide. The 
process is fully automated and uses several types of special needling equipment [9]. 
3- A robotic and meltblowing integrated system, where the fibres are deposited on a 
mould and then consolidated by subsequent cooling of the fibres may also be 
considered as another form of three dimensional nonwoven structures [10] 
4- In a similar process to the previous one, a robotic arm is used to spray carbon fibres 
on a mould. The moulded part in this case is the middle door pillar in a car which is 
usually referred to as a B pillar. A polyurethane resin is then injected into the 
partially open mould. When the mould closes fully (the compression stage), the 
resin is forced through the preform, filling out the mould, as shown in Fig. 2-2 [11] 
5- In another approach a 3D nonwoven can be a 3D fibrous web formed by air laying 
on a perforated 3D mesh and bonded by hot through air bonding. Generally the 
process can be summarised as follows [12]: 
- 3D web formation where the thermoplastic fibres are opened by the help of 
a carding machine, which is then followed by the deposition of the fibres on 
a porous 3D mould through air laying in the depositing chamber 
- 3D web bonding where the resultant loose 3D shell structure is bonded by 
hot through air in the bonding chamber 
- Extraction of the bonded 3D shell structure off the porous 3D mould 
It has to be noted that the study was carried out on this same machine and hence a 
detailed description of the machine and the process is given in chapter 3. 
 22 
 
Figure  2-1  3D Conical fibrous performs of solid rocket motor nozzles [9] 
 
Figure  2-2  3D Carbon fibre of a car B pillar [11] 
2.2 Generic steps for nonwoven production 
Three generic steps are required for the production of any nonwoven [13]: 
 
- Fibre/raw material selection 
- Web formation 
- Web consolidation, web finishing, and conversion 
2.3 Raw materials 
The choice of raw materials for nonwovens is only limited by the following               
factors [14, 15]: 
 
- Fabric end use 
- Cost effectiveness 
- Further processing demands 
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Fibrous raw materials can be broadly classified as shown in Fig. 2-3 [16], but due to the 
scope of this thesis, only fibres that have been used throughout the study will be discussed 
and these are: 
 
- Wool, representing animal fibres 
- Nylon, representing synthetic fibres 
 
Figure  2-3  Fibre classification [16] 
2.3.1 Wool fibres 
Wool is the fibrous cover of the sheep, and accounts for more than 90 percent of the total 
world production of animal fibres [16].  
 
Wool can also be classified according to the following grading systems: 
 
1- The blood system 
2- The numerical count system 
3- The micron system 
 
The percentage of Merino in a sheep’s ancestor was the corner stone for the blood system. 
It consists of six grades with ‘fine’ referring to the fibre diameter rather than fibre quality. 
 
In contrast to the blood system, the numerical system is based on the number of 560 yard 
skeins that can be produced from one pound of clean wool. 
 
Due to the shortcomings of both methods, the micron system was introduced where the 
fibres are only graded according to their diameter [17]. Table 2-1 [18] shows the relation 
between the three different grading types. 
Fibres 
Natural fibres Manmade fibres 
Vegetable fibres Animal fibres Mineral fibres Natural polymer fibres Synthetic fibres 
Wool Nylon 
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Table  2-1 Wool classification 
Blood system Numerical Micron 
Fine Finer than 80s Under 17.70 
Fine 80s 17.70-19.14 
Fine 70s 19.15-20.59 
Fine 64s 20.60-22.04 
1/2 62s 20.05-23.49 
1/2 60s 23.50-24.94 
3/8 58s 24.95-26.39 
3/8 56s 26.40-27.84 
1/4 54s 27.85-29.29 
1/4 50s 29.30-30.99 
Low 1/4 48s 31.00-32.69 
Low 1/4 46s 32.70-34.39 
Common 44s 34.40-36.19 
Common 40s 36.20-38.09 
Common 36s 38.10-40.20 
Common Coarser than 36s Over 40.20 
2.3.1.1 Wool morphology 
Fine wool fibres, as shown in Fig. 2-4 [19], consist of two cell varieties. The first type is 
the cuticle cells which form 6% to 16% of the fibre mass, while the bulk of the fibre is 
represented by the second type, the cortical cells which makes up 90% of the fibre       
mass [19-21]. 
2.3.1.1.1 Cuticle 
The cuticle cells (scales) form the outermost layer of wool fibres [21]. These cells surround 
the cortex and have an overlapping structure [20]. A layer called the F-layer adheres to the 
outer surface of the these cells and consists of covalently bound fatty acids [19]. Each 
cuticle cell is made of [20]: 
 
- Hydrophobic membrane epicuticle 
- Enzyme resistant exocuticle 
- Enzyme digestible endocuticle 
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Figure  2-4  Schematic diagram of a wool fibre [19] 
Epicuticle 
The epicuticle membrane has the role of preventing attacks from alkalis, oxidising agents 
and proteolytic enzymes through its inertness and high resistance [19]. 
 
Exocuticle 
This part of the fibre consists of two layers [19]: 
 
- A layer: Is characterised by its high content of sulphur (35% S) and high degree of 
cross linked disulphide and iso dipeptide bonds 
- B layer: Is characterised by its lower content of sulphur (20% S) and hence lower 
degree of cross linking compared to the A layer 
 
Endocuticle 
This is the preferred passage for diffusion of water and reagents due to its comparattively 
low sulphur content [19]. 
2.3.1.1.2 Cortex 
More than 90% of the total fibre mass of fine wools is represented by longitudinal spindle 
shaped, cortical cells, as shown in Fig. 2-4. Each cortical cell consists of 5-20 macrofibrils, 
where each is made up of bundles of 500–800 microfibrills (KIF-keratin intermediate 
filaments). In turn each of these is enveloped by KAPs (keratin associated proteins) [19]. 
Exocuticle 
Orthocortex 
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Protofibrils make up each microfibril, and finally microfibrils are made up of 
protofilaments [22]. The cortex is made up of two types of cortical cell which are the 
paracortex and the orthocortex. The differences between them are summarised in        
Table 2-2. 
Table  2-2  Differences between paracortex and orthocortex 
Paracortex Orthocortex 
10-40% of total fibre mass [19] 60-90% of total fibre mass [19] 
Contains larger amounts of sulphur and 
hence more cross linking and is accordingly 
lighter in colour when stained [19] 
Contains less sulphur and hence less cross 
linking and is accordingly darker in colour 
when stained [19] 
In fibres from fine wool breeds, the two different cortical cells are arranged in a bilateral 
manner and the border line between them proceeds in a helical manner along the fibre axis, 
which gives wool its unique three dimensional waviness [16, 19]. The orthocortex being 
always positioned in the convex part of the fibre, is a consequence of the difference in 
mechanical properties of the two cortical cell types [23], which makes it the only natural 
bicomponent fibre [24] 
Cytoplasmatic residues and nuclear 
remnants are present [19] 
Cytoplasmatic residues and nuclear 
remnants are rarely present [19] 
Macrofibrils and microfibrils are clearly 
distinguishable where microfibrils are both 
randomly and hexagonally packed [19] 
The macrofibrils are distinguishable with a 
hexagonal arrangement for the microfibrils 
[19] 
Less absorption of water [24] 
Greater absorption and swelling when wet 
causing a decrease in fibre crimp. Upon 
drying the crimp returns [24] 
2.3.1.2 Chemical structure 
Wool is mainly composed of keratin, which is a proteinic substance that results from the 
polycondensation of 21 amino acids. Each amino acid has the general formula [19, 23] 
shown in Fig. 2-5 [25]. 
 
 
Figure  2-5  General formula of amino acids 
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An acid group (carboxylic –COOH), a basic group (amine –NH2) and a side group (R), are 
the main constituents of each amino acid and together they determine the nature of each of 
the amino acids. In proteins, Fig. 2-6, the peptide linkage (-CO-NH-) is a result of 
combining different amino acids by a condensation reaction, with the elimination of a 
molecule of water, giving rise to long polypeptide chains with many different functional 
groups [23]. 
 
Figure  2-6  General formula of proteins 
Wool differs from typical proteins by its large sulphur content which is derived mainly 
from cystine with its two sulphur atoms leading to the cross linking of wool through the 
formation of a disulphide bond. 
 
As a result of possessing both acid groups and basic groups, keratin is an amphoteric 
substance, meaning that it will react with acids as well as bases [24]. 
 
At pH 4.9 wool fibres have their lowest reactivity and swelling and accordingly highest 
stability. This is attributed to the fact that this pH value corresponds to the isoelectric point 
at which no particle of the surface has an electric charge [23]. 
2.3.1.3 Intermolecular bonds  
Mainly, three types of bonds are responsible for holding the long polypeptides chains 
together and hence giving the wool fibre its strength. These three bonds are: 
 
1- Hydrogen bonds: The presence of carbonyl (-CO) and imino (-NH) groups in 
adjacent chains gives rise to hydrogen bonds [16], as shown in Fig. 2-7. Although 
these bonds are very weak, their role in wool setting cannot be ignored, due to their 
huge numbers [23] 
 
Figure  2-7  Hydrogen bond  
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2- Salt linkages: When an acidic amino acid (e.g. glutamic acid) and a basic amino 
acid (e.g. lysine) are placed opposite each other on parallel chains, they combine 
and a salt linkage arises [23], as shown in Fig. 2-8 [16] 
 
Figure  2-8  Salt linkage 
3- Cystine bonds or cross links: These are the most important part of the wool 
molecule and if compromised, the whole wool structure can fail. The importance 
derives from the cystine residue and its disulphide crosslink [20]. Cystine is a 
double amino acid in which the disulphide bond acts as a cross link between two 
adjacent chains. Being a covalent bond, it is much stronger than the hydrogen bond, 
and together they have a huge impact on the setting of wool fabrics (Fig. 2-9) [23] 
 
Figure  2-9  Cystine Linkage 
2.3.1.4 Effect of dry heat on wool fibres 
Studies have shown that changes in wool fibres when subjected to heat are not only 
temperature dependent but also other conditions of heating such as the presence of oxygen, 
blending with other fibres as well as dwell time, play an important role [20, 26]. 
 
It is known that dry heat causes less damage than wet heat. In addition, heating in a closed 
or open system has an impact on the severity of the damage. In a closed system, the lack of 
oxygen minimizes the oxidative processes, which is not true for the open system. Also, 
confined water and other pyrolysis products may promote decomposition in other ways. 
The effects of heat on dry wool are: 
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1- At 120°C, little damage occurs in the first few minutes and the only important 
change produced in wool is drying [20, 26] 
2- At 140-170°C, wool gradually becomes yellow or brown, which is a phenomenon 
known as scorching. Also, removal of strongly bound water, a slight change in the 
amorphous part of the protein and the probability of the formation of amide 
crosslinks between acid and base groups, is noticed at about 150°C [20, 26]. 
However, this degrading effect can be eliminated for an interval of up to one hour 
and at temperatures up to 150°C if care is taken to ensure that the fibre is 
chemically neutral [21, 27], which is around pH 4.9 [23]. Also, the content of 
amide groups, breaking strength and elastic modulus are greatly decreased and are 
accompanied by an increase in alkali solubility. In addition, the fibre surface 
undergoes some changes [20] 
3- At 180°C, elimination of small molecules from the reactive side chains of the 
constituent amino acids is observed, as well as a scission of covalent bonds 
particularly disulphide bonds [26]. Moreover, conversion of α keratin (chains are 
folded) to disoriented β keratin (chains are straight) is observed at temperatures 
above 180°C [20] 
4- Above 200°C, cystine residues decompose [20] 
5- At 220-250°C (in vacuum), the helical regions in the fibre melt [20] 
6- Above 250°C decomposition of wool by oxidation takes place by heating [26] 
2.3.1.5 Chemical reactivity 
2.3.1.5.1 Reaction to acids 
Apart from complete decomposition by hot concentrated sulphuric acid, wool is not 
affected by other acids even when heated [16, 28]. Below the pH of the isoelectric point 
wool begins to combine with acids accompanied by the breakage of salt linkages, leaving 
the more stable bonds unaltered, and thus no decomposition of the fibre takes place. For 
that reason, carbonisation with sulphuric acid is used to remove vegetable matter but must 
be followed by a thorough neutralisation to prevent peptide bond hydrolysis which may 
occur during this process. However, in some cases hydrolysis of the stronger bonds is 
intentional as when breaking the wool into its constituent amino acids [16, 20, 23]. 
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2.3.1.5.2 Reaction to alkalis 
Wool is readily degraded by alkalis like all other proteins because of the hydrolysis of 
peptide bonds and amide side chains. The presence of the cystine residue causes wool to be 
more susceptible to degradation by the alkali than other proteinic substances. The reason 
for this extra sensitivity to alkalis is that the intermolecular bonds are altered due to the 
reaction of the disulphide bond with the alkali [20, 23]. 
 
As a result, any process which involves the use of alkalis (e.g. scouring) must be carried 
out with extreme caution and under conditions of low alkalinity [16] and even then, 
structural modifications cannot be avoided completely [21].  
2.3.1.5.3 Reaction to oxidising agents 
Despite of the complexity of the reactions that govern the oxidation processes of wool 
keratin, it is known that the different oxidising agents for bleaching                       
(hydrogen peroxide or chlorine in its various forms and many other compounds) act mainly 
on the cystine bond. The oxidation is not only limited to the cystine bond, as other groups 
are oxidised also leading to a general degradation and alteration in the wool fibre [23, 29]. 
The extent of alteration is dependent on the oxidising agent type, process parameters and 
most importantly, the pH value [23]. 
2.3.1.5.4 Reaction to reducing agents 
The effect of reducing agents on a disulphide bond is widely utilised in wool setting 
treatments, as well as fabric finishing and stabilisation, such as thioglycolic acid which 
breaks cystine into cysteine residues. Later the cystine bond can be reconstructed by 
oxidising with hydrogen peroxide, persulphates. In other cases bifunctional organic 
reagents are used to form new covalent bonds [23]. 
2.3.1.6 Processing of wool 
Processing of wool follows these generic steps [23, 30]: 
 
Shearing, grading, scouring, carding, combing, spinning, weaving, finishing and dyeing. 
 
Due to the scope of this study, the scouring process is discussed in this section for its vital 
role in any wool processing system. In addition to scouring, surface modification 
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treatments, which are part of the finishing process, are also explained here as a few 
selected treatments were adopted during the course of this study. 
2.3.1.6.1 Scouring 
Raw or ‘greasy’ wool is contaminated with impurities, as high as 40 to 50% of the total 
fibre weight or even higher [19]. The extraction of these impurities is achieved by scouring 
which is a process where raw wool is washed thoroughly in an alkaline solution [19, 31]. 
 
The role of wool scouring is to [19]: 
 
1- Economically clean the contaminants from the wool 
2- Prepare the wool fibres for the upcoming processes 
3- Comply with environmental requirements 
 
2.3.1.6.2 Surface modification of wool fibres 
Wool fibres are hydrophobic and have low surface energy mainly because of the epicuticle 
membrane, which is the very outer surface of the cuticle (scales) that consists of adhering 
hydrophobic covalently bound 18-methyl-eicosanoic acid lipids in addition to the highly 
crosslinked exocuticle. Therefore increasing the surface energy and hydrophilicity of wool 
fibres via surface modification is of great importance from a textile viewpoint to aid the 
different treatments that are applied to wool fibres throughout the manufacturing process. 
The aim of these treatments is to raise the surface energy by bond scission, the introduction 
of new functional polar groups, and ablation of the outer lipid layer or membrane [32, 33]. 
These methods are applied mainly to confer shrink proofing qualities to the fibres, and to 
increase wettability, dyeability and polymer adhesion [34]. 
 
Wool surface modification treatments can be divided into: 
 
1. Dry methods 
2. Wet methods 
 
This section focuses mainly on possible surface modification treatments that could prove 
highly relevant to this project with a special emphasis on surface modification achieved 
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with dry methods due to the increasing environmental concerns about the wet chlorination 
process. This is due to the production of chlorine containing liquid effluents, which are 
difficult to dispose of [32]. 
 
From the dry methods, the following treatments are discussed: 
- Plasma treatment 
- Corona discharge treatment 
- Steam explosion treatment 
- Ultraviolet treatment 
 
From the wet methods, chlorination and Hercosett treatments are discussed. 
 
Dry methods 
Plasma treatment 
Plasma has only been used recently in the textile industry [35] and is a totally or partially 
ionized gas which contains a mixture of excited radicals, ions, UV photons and other 
species [36, 37] which react with the fibre surface and modify its chemical structure and 
topography through [33, 38]: 
 
1- Oxidation of the surface of the material 
2- Etching or ablation of the surface of the material 
3- Deposition of polymers when organic gaseous monomers are used 
 
The induced modification is dependent on [37]: 
 
1- Materials used 
2- Gas type 
3- Exposure time 
4- RF power 
 
There are many plasma types, but mainly oxygen, nitrogen and hydrogen have been used 
in wool plasma treatment [39] to improve shrink resistance and dyeing properties such as 
depth of shade and bath exhaustion [33, 35]. Oxygen plasma treatment leads to the partial 
ablation and oxidation of the hydrophobic epicuticle and to the creation of grooves or holes 
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on the surface of wool fibres as a result of the bombardment of the oxygen plasma species 
creating extra pathways for the liquid or dye, Fig. 2-10 [33]. The high cross linking of the 
exocuticle is also decreased by oxygen plasma treatment due to the oxidation of the 
disulphide bonds and the introduction of new polar groups on the surface such as               
(-OOH, -OH, -C=O) groups [33, 35]. The topographical and chemical changes induced by 
oxygen plasma treatment improve shrink resistance properties as well as wettability and 
dyeability [33]. The introduction of polar groups also improves the adhesion of polymers 
through the formation of hydrogen bonds, Van der Waals forces or dipolar         
interactions [39]. Plasma treatment can induce these effects without having any or little 
effect on the fibre bulk as it is very surface specific, being only effective to a depth of 
<1000 Å [37, 40]. 
 
Figure  2-10 Grooves produced by O2 plasma treatment [33] 
It is worth mentioning that the chemical effects brought to the fibre are not permanent and 
decrease with time [37]. 
 
Corona discharge treatment 
Corona treatments have been more widely used than plasma treatments because of their 
less demanding working conditions and lower operational costs, as the treatment is done 
under normal atmospheric pressure. However, their main drawback compared to plasma 
treatments is that corona discharge can only be applied to loose materials or fibres, 
whereas plasma can handle bulky materials [37, 41]. 
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The treatment is dependent on [42]: 
 
1. Voltage 
2. Frequency 
3. Exposure time 
4. Type of gas used 
5. Type of material 
 
Corona discharge as with plasma treatment, is highly surface specific (<1000 Å) which 
leads to desirable surface properties without compromising the fibre strength [41]. When 
comparing SEM images of O2 plasma with corona discharge treated fibres, the surface of 
plasma treated fibres appears to be evenly ablated and there are signs of small holes on the 
surface as discussed previously, contrary to corona discharge treated fibres which show 
degradation at the front end of the scale. This corresponds with the results that show that 
O2 plasma treated fibres absorb water much faster compared to corona discharge treated 
fibres, which indicates that the surface modification caused by the latter treatment is not as 
extensive as in plasma treatment. The increased reactivity and hydrophilicity of the fibre, 
which again is less than for O2 plasma treated fibres, is also due to the induced decrease in 
the content of covalently bound fatty acids [43] and the incorporation of O2 atoms on the 
outer surface by oxidation in the form of (–C-O- and –COO-) groups [44]. 
 
Steam explosion treatment 
Steam explosion is a physical treatment which involves subjecting the treated sample to 
high pressure and temperature in a sealed container and then suddenly releasing this 
pressure, leading to rapid expansion of water molecules [37, 45]. 
 
Steam explosion is mainly used in the textile industry to separate plant fibres such as  
hemp, jute and linen [45, 46] and in the biomass industry to convert lignocellulosic 
materials into bio fuel [47]. 
 
Steam explosion has been used in producing wool powder [45], and in manufacturing of 
cosmetics and detergents by claiming amino acids found in keratin [48]. 
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Steam explosion treatment is dependent on the following factors: 
 
1- Temperature 
2- Time 
3- Pressure 
4- Extrusion speed 
5- Material 
 
Fig. 2-11 [45] shows that although the scales are still clearly visible [48], there is extensive 
damage to the cuticle (scales) of the treated wool fibres when compared to untreated wool 
fibres, Fig. 2-12. Moreover the steam explosion treatment resulted in longitudinal grooves 
on the outer surface of the cuticle [45]. 
 
 
Figure  2-11  Damaged scales of steam explosion treated wool fibre [45] 
 
Figure  2-12  Intact scales of untreated wool fibre [45] 
Chemical examination reveals the breakage of disulphide bonds which are responsible for 
the fibre stability and strength. The cleavage of the disulphide bond is attributed to the 
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rapid expansion of water molecules when the steam is suddenly released and to the high 
temperature used during the process. This in turn leads to a significant loss in the fibre 
strength and mechanical properties. Also, the hydrophilicity of steam explosion treated 
fibres decreases due to the reduction of existent polar groups without adding any new 
functional groups [45, 48]. Moreover the crystallinity of the fibres decreases with the 
increase of the pressure due to the breakage of the hydrogen bonds resulting in the 
destruction of the crystalline and amorphous regions [45]. Compared to the previous 
treatments, not only is the surface of the fibre modified but the fibre bulk is also altered in 
a significant way. 
 
Ultraviolet treatment 
Ultraviolet treatment is an oxidative treatment where the fabric is subjected to a source of 
short wavelength ultraviolet radiation [49, 50] with the aim of modifying the wool surface 
without inducing an adverse effect on the fibre bulk [51], given that short exposure times 
are used [49]. 
 
Ultraviolet treatment leads to improved wettability through the incorporation of oxygen 
atoms on the wool surface by oxidative cleavage of the disulphide bonds as well as the 
introduction of oxygen at the carbon sites of the lipid layer [32]. The extent of the 
oxidation is very close to what is achieved by wet chlorination and much better than any 
other dry method. The incorporation of oxygen atoms leads to increased surface polarity 
and hence better wettability properties [50]. 
 
However this kind of treatment is restricted to the exposed surface of the fabric and can not 
be used for treating bulky materials like wool tops. 
 
Wet methods 
Chlorination and Hercosett treatment 
As far as the wool industry is concerned, chlorination is by far the most used and effective 
method of shrink proofing treatment [32] either on its own or as a preparatory step for the 
Hercosett shrink proofing process, as well as a treatment to promote wettability and 
dyeability [19]. 
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There are more than 40 patented chlorination variations, but the most used one is that of 
sodium or potassium salt of dichloroisocyanuric acid (DCCA) [19]. The aim of 
chlorination is the removal of the hydrophobic lipid layer and the increase in oxygen 
content on the fibre surface. This is achieved through the chemical scission of the 
disulphide bonds of cystine to give cysteic acid and thus anionic sulphonic acid groups     
(–SO3H), which increase the surface activity of wool fibres. This leads to improved 
wettability and dye affinity [32], as well as better cationic polymer adhesion such as in the 
Hercosett shrink proofing process [52]. In this process the cationic polyamide 
epichlorohydrin (PAE) polymer resin is used to impart shrink resistance qualities to wool 
fibres [53]. This is done by masking the cuticle cells on the wool surface as shown in Fig. 
2-13 [54]. and not degrading it as is the case with chlorination methods as shown in       
Fig. 2-14 [32]. 
 
Figure  2-13  Hercosett treated wool fibre [54] 
 
Figure  2-14  Chlorinated wool fibre [32] 
2.3.2 Polyamides (nylon fibres) 
Nylon was the first truly commercialized synthetic fibre and was used in the beginning in 
brush bristles. It then spread to be used in a wide range of products such as in apparels and 
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carpets. In addition, the good thermal and mechanical properties of nylon fibres promoted 
it as a important engineering thermoplastic [55]. The word “nylon” was not registered as a 
trademark by DuPont and became a generic name for polyamides [56]. It is spelt without a 
capital letter [57] and has no specific meaning [58]. The discovery of nylon was not 
planned but resulted from a fundamental research program by Wallace Carothers who was 
appointed by DuPont in 1937. By the year 1939 DuPont was making nylon 66 in a pilot 
plant [58]. 
2.3.2.1 Definition of polyamides 
The US Federal Trade Commission defines nylon as “a manufactured fibre in which the 
fibre forming substance is a long chain synthetic polyamide in which less than 85% of the 
amide linkage are attached directly (-CO-NH-) to two aliphatic groups” [4]. Nylon 66 and 
nylon 6 are the most well known types of nylons [59], where the numbers are the number 
of carbon atoms in the starting material [60]. 
2.3.2.2 General concept of synthetic polyamides 
A condensation reaction between small molecules, in which the linkage of the molecules 
occurs through the formation of amide groups, is used in the production of synthetic 
polyamides [59]. 
2.3.2.3 Nylon 66 
Nylon 66 results from the reaction of hexamethylene diamine, and adipic acid [25]. 
 
H2N(CH2)6NH2 + HOOC(CH2)4COOH → [NH(CH2)6NHCO(CH2)4CO]n + H2O 
hexamethylene            adipic acid                     repeat unit of nylon 6,6 
     diamine 
2.3.2.4 Nylon 6 
Self condensation of caprolactam results in nylon 6. 
 
n[O=C-NH]↔[(CH2)5CONH]n 
caprolactam         nylon 6 
 
Water is used as an initiator to polymerize caprolactam [56]. 
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2.3.2.5 Production of polyamide fibres  
As illustrated in Fig. 2-15 [61], the polymer chips are heated to their melting point, and 
then forced through the holes of a stainless steel plate of a heated spinneret [58]. Although 
the holes are mainly circular, special spinneret orifices can be used to obtain fibres with 
different cross sections [56]. The fibre size is controlled by the holes of the spinneret as 
well as the speed by which the fibre is withdrawn from it [58]. With the aid of a cold air 
stream, emerging molten nylon strands from the spinneret are solidified into solid 
filaments. The fibre molecules at this stage are largely folded and randomly oriented and 
thus the emerging fibres are weak and opaque [59]. To promote orientation and 
crystallinity, fibres are cold drawn by a factor of four [56, 58]. The resultant fibre which is 
strong and lustrous is then wound up, or in some cases boiling water is used to heat set the 
fibres before the winding up process [59]. If stable nylon is desired, a process of crimping 
and cutting of continuous nylon filament into short uniform lengths is added to the 
production line of nylon fibres [62]. 
 
1    crude oil 
2    aromatics 
3    production of polyamide 66 
4    production of polyamide 6 
5    adipic acid 
6    hexamethylene diamine 
7    caprolactam 
8    polyamide 6 or 66 polymer 
9    melt 
10  production of polyamide 
      filament one step 
11  production of polyamide 
      filament multi step 
12  production of polyamide 
      staple fibres 
13  melt spinning 
14  drawing 
15  flat polyamide filament yarn 
16  spinning bobbin 
17  tow 
18  drawing 
19  crimping 
20  polyamide tow 
21  polyamide staple fibres                                                    
 
Figure  2-15  Flowchart of nylon spinning [61] 
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2.3.2.6 Bonds in nylon 
The strong polarity of the planar amide (-CO-NH-) groups in nylon leads to the formation 
of hydrogen bonds where carbonyl oxygen from an amide group attracts and forms 
hydrogen bonds with amide hydrogen in another molecule, resulting in molecule 
coherence. It also leads to an appreciable double bond character in the carbon-nitrogen 
bond [63]. 
2.3.2.7 Nylon glass transition temperature (Tg) 
The “Tg” is the temperature or temperature range, at which mobility of chain segments or 
structural units commence [64]. The glass transition in nylon is only associated with the 
amorphous regions and is due to the breakage of hydrogen bonds between amide linkages 
in those regions [63, 64]. The importance of the amide linkages in determining the Tg can 
be concluded from the following: 
 
1- The Tg of nylon increases as the number of amide groups in the repeat unit 
increases [63] 
2- The Tg decreases as the water content of the fibre increases due to the replacement 
of the inter-chain hydrogen bonds by water [64] 
 
40-50°C is the most accepted Tg value for nylon fibres and at 85% relative humidity, the Tg 
is reduced to room temperature [63]. 
2.3.2.8 Properties of nylon 6 and 66 
Table 2-3 summarises the properties of nylon fibres. As observed, nylon 66 and nylon 6 
share almost the same properties except for their melting point as nylon 6 has a much 
lower one [4]. 
Table  2-3  Properties of nylon fibres [4] 
Property Value or Level 
Melting point Nylon 6: 210-220°C, nylon 66: 255-265°C 
Glass transition 50°C for both 
Moisture regain 4% under standard conditions 
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Property Value or Level 
Static electricity Accumulates in dry atmosphere. Usually not a problem in moist 
atmosphere. 
Dyeability Dyeable with direct, acid, disperse and vat dyes 
Density 1.12-1.15 g/cm3 
Tenacity 88 cN/tex 
Elongation at break 20%-500% 
Modulus Low to moderate 
Abrasion resistance Excellent 
Flammability Burns after melting 
Acid/base stability Degraded by bases, dissolves in strong acids 
Oxidative/light Degrades in UV light and in oxidant solutions 
Solvents Strong mineral and organic acids, DMF and other polar organics 
 
2.4 Nonwoven web formation 
There are three main routes for web formation [1, 3, 16] as shown in Fig. 2-16. However 
the author will focus mainly on: 
 
1- Some aspects of carded webs and air laid systems from the dry laid route 
2- Spunlaid and melt blowing systems from the polymer based route 
 
The reason for concentrating on these two routes is that both carded webs and air laid web 
formation technologies, although modified to some extent, were adopted for the assembly 
of the 3D nonwoven machine used for the production of 3D shell structures throughout the 
thesis. In addition, polymer based web formation methods will be discussed concisely as a 
few nonwoven 3D samples, discussed earlier in section 2.1.1.1, have relied on one kind or 
another of polymer based web formation technologies as the main route for producing 3D 
nonwoven structures. 
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Figure  2-16  Web formation routes 
2.4.1 Dry laid system 
Dry laid web forming methods can be subdivided into two main groups [1]: 
 
1- Formation and laying of carded web 
2- Aerodynamic web formation (air-laid) 
2.4.1.1 Carded webs 
Roller carding machines dominate the carding scene and are the main machinery used for 
the production of carded webs required for the production of nonwovens [3]. It has also to 
be noted that flat carding machines can produce carded webs for nonwovens [1]. 
 
The four functions of a roller card are [3, 28]: 
 
1- Constant feed of fibre tufts per unit time with respect to length and width 
2- Clearing and removal of foreign bodies, dirt and short fibres 
3- Opening the fibre tufts with minimum fibre stressing 
4- Arranging the fibres in a parallel orientation 
Carding process 
As mentioned previously, the main purpose of carding is the disentanglement of staple 
fibres from clumps of fibres, and the arrangement of the disentangled fibres in the machine 
direction in a largely parallel manner. 
 
Fig. 2-17 [65] shows a typical carding process by a roller card. In this process, carding 
occurs between the carding surfaces of the cylinder and workers [1] which are nowadays 
mostly covered with rigid all steel clothing to reduce the cost of cleaning [3]. The all steel 
clothing consists of saw tooth wires with specific heights, pitches, and angles [4]. The 
stripper has the function of returning back excess fibres on the worker to the cylinder 
ahead of the carding plane [1]. 
Web Formation 
Dry Laid  Wet Laid Polymer based 
Carded Air Laid Spunblaid Meltblown Electrospun 
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It should be noted that the difference in speed between the main cylinder and worker as 
well as the forces acting on the fibre bundles are the governing factors that control the 
carding process between those two rollers [3]. 
 
The separated fibres are then transported mechanically towards the slowly rotating doffer 
with the help of the fancy roller and then deposited on a moving belt [1]. 
 
Figure  2-17  Carding process of roller card [65] 
The resulting structure of the carded web is anisotropic, meaning that the fibres in the 
carded web are mainly in the machine direction. Carded webs are light in weight 5-30 g/m2 
and hence they are usually layered by [1, 4]: 
 
1- Parallel laying 
2- Cross laying 
3- Perpendicular laying 
 
Although parallel laying and cross laying have no direct relevance to the equipment used in 
this thesis, they will be included in this review as a means of producing heavier webs if 
needed, especially in the blending and mixing phase between wool and thermoplastic 
fibres as discussed later.  
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Parallel laying 
Parallel laying is a process where parallel or sequentially arranged carding machines 
provide carded webs, which are then laid and doubled onto a single conveyor belt as a 
single web as shown in Fig. 2-18 [4]. The fibres of this type of web laying have a 
lengthwise orientation and thus are stronger in that direction rather than the transverse 
direction. This kind of web laying is common for light weight webs ranging from           
15-150 g/m2 [1, 3, 66]. 
 
Figure  2-18  Parallel laying of webs [4] 
Cross laying 
Thicker and heavier webs are produced by the cross laying process [4]. The main part of 
this process is carried out by the cross lapper which is a continuous web transfer machine 
that normally follows a card or garnett machine [67]. As illustrated in Fig. 2-19 [1], a 
conveyor belt system with a repeated back-and-forth motion serves the purpose of layering 
the resulting carded web into multiple layers on a take off belt moving at a right angle to 
the carriage direction [3]. Commercially, cross lapped webs’ weights range from 50 g/m2 
to over 1500 g/m2 [67]. The angle of fibres in the cross laid web is determined by the speed 
of both the feeding and output belts [1]. 
 
Figure  2-19  Cross lapper [1] 
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2.4.1.2 Air laying 
The fundamental process for air laying a web is to disperse short or long staple fibres into 
an air stream and deposit them randomly onto a moving permeable screen or conveyor  
belt [3, 4, 66]. 
 
Air laying has the following advantages: 
 
1- Isotropic web properties like orientation, and elasticity among others [3, 67] 
2- High volume webs [1] 
3- Not restricted to a certain fibre type or genre as the majority of fibres can be 
processed including ceramic and metal fibres [1, 67] 
4- Due to their structure there is no likelihood of layer splitting [3] 
5- Economical advantages resulting from the investment volume and the operating 
cost for the installation [3] 
 
In contrast, the main disadvantages are: 
 
1- Quality of fibre opening has a strong impact on the uniformity of the web [3, 67] 
2- Air flow adjacent to the walls of the conduits is irregular and hence the 
inconsistency in the web structure [67] 
3- Possible entangling of fibres in air stream which leads to undesired web           
faults [1, 67] 
 
The following methods are used to transport fibres from the opening unit to the web 
forming section [67]: 
 
1- Free fall 
2- Compressed air 
3- Air suction in a closed air circuit 
4- Combination of compressed air and air suction systems. 
 
The most well known example for an air laying machine is the Rando Webber machine, 
Fig. 2-20. The Rando process normally consists of three units [67]: 
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1- Opening and blending; 
2- Feeding 
3- Web forming 
 
Figure  2-20  Rando Webber air machine [67] 
The Rando process can be summarised in the following steps [66]: 
 
1- A feed roll in conjunction with a feed plate is responsible for feeding the fibres into 
the machine 
2- The fibres are combed off the nose of the feed plate and are centrifugally doffed 
into an air stream and onto a condenser screen where the web is formed 
3- A conveyor belt is then responsible for delivering the formed web to the bonding 
area 
 
For high quality webs, the fibres have to be opened and separated to a great extent to give 
single fibres. This can be achieved by adding a roller card to the line of air laying [15]. In 
this configuration the fibres are opened first by the air laying machine and then followed 
by another stage of opening by the roller card. 
Bonding of dry laid webs 
Dry laid webs are generally bonded by the following methods [4]: 
 
1- Needle punching 
2- Spunlace or hydroentanglement 
3- Stitch bonding 
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4- Thermal bonding 
5- Chemical bonding 
2.4.2 Polymer based system 
Polymer laid, spun laid or spun melt fabrics are produced by extrusion spinning    
processes [67]. Unlike other nonwoven techniques [68], the fibres are directly spun and 
converted into a fabric in just one step [3]. It has to be pointed out that although 3D 
nonwoven structures have been achieved successfully through polymer based systems, 
especially melt blown, using it with natural fibres is not possible as wool fibres can not be 
melted and extruded. 
2.4.2.1 spinlaying 
Spun bonded nonwovens are made by a single step process [69] that consists of the 
following generic steps [1, 70]: 
 
1- Polymer melting, transportation and filtration of polymer melt 
2- Filament extrusion 
3- Filament drawing 
4- Filament deposition 
5- Bonding 
6- Fine bonding through heat, chemical treatment and mechanical bonding or 
autohesion where filaments have not been completely cooled and drawn before 
deposition 
 
Rotation of the spinneret and the conveyor speed manipulate the orientation of the      
fibres [70] and in general any fibre forming polymer such as polyester or polypropylene 
can be used for spunbonding [4, 67]. 
2.4.2.2 Melt blowing 
The melt blowing process consists of the following generic steps [1]: 
 
1- Polymer melting, transport and filtration of polymer melt 
2- Filament extrusion and filament forming using hot air 
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3- Forming web on the surface of wire screen collector drum or belt 
4- Bonding. 
 
The process in general resembles that of the spunbonding process; the only difference is 
that in melt blowing, the hot air converges with the fibre as it emerges from the die, 
whereas in the spinlaying process, the hot air flow is at a cross flow to the emerging      
fibre [4]. The resulting bonded randomly laid web [66, 71] is composed of finer fibres than 
that of spinlaid webs. In addition, the resulting web is softer, bulkier and weaker compared 
to the spinlaid web [4]. 
2.5 Web bonding 
There are various types of web bonding and each type or even a combination of them is 
suited for a particular end product, but generally they can be classified into three main 
categories [1] as shown in Fig. 2-21. 
 
Figure  2-21  Web bonding types 
 
This section only includes: 
 
1- Hot through air bonding from the thermal bonding route 
2- Latex bonding from the chemical bonding route 
 
Hot through air bonding is the primary bonding method for 3D shell structures in this 
study, and latex bonding could prove vital for obtaining additional strength, if needed, for 
the 3D shell structures after the initial hot through air bonding stage. 
 
Web Bonding 
Mechanical Chemical Thermal 
Needle Punching 
Stitch Bonding 
Spunlaced 
Latex Bonding Solution & Solvent Bonding Calendar Bonding 
Hot Through Air Bonding 
Ultrasound Bonding 
Infrared Bonding 
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All other bonding methods are not included as a primary or a secondary bonding method 
for the following reasons: 
 
1- All mechanical bonding methods are not suitable for bonding 3D structures, as 
needle punching depends on the penetrating action of barbed needles fixed on a 
needle board [72] which makes it only suitable for flat webs. Likewise, stitch 
bonding which relies on stitching or knitting in additional yarns through the web 
[67] is only suited for flat webs or structures. Finally spunlace or 
hydroentanglement is again not appropriate for bonding 3D structures as web 
bonding is achieved through fibre entanglement [73] by passing under high-
pressure water jets [74] 
2- Additional bonding by solution bonding from the chemical route is also not viable 
because of the high viscosity of the solution which hinders its penetration through 
fibres, and the inherent environmental hazards of the solution bonding process 
3- Moreover calendar bonding from the thermal bonding route is only applicable for 
bonding flat structures due to the nature of the process itself. In this process a loose 
fibrous web composed of a base fibre and a binder fibre [1] is bonded by passing it 
through a heated calendar nip which is created by two rolls pressed against each 
other leading to the melting of the fusible fibres [67]. Furthermore, the ultrasonic 
bonding technique is not practical for bonding 3D structures despite excellent final 
product properties and high production rates [75] because of the difficulty of 
transferring uniform vibrational energy across the web [67]. Finally, infrared 
bonding where the web is subjected to a radiant energy in the infrared range [76] is 
once again not suitable due to the difficulty of controlling the temperature and 
depth of the heat penetration [77] 
2.5.1 Chemical bonding methods 
Chemical bonding is a process where complete webs or parts of them are treated with a 
bonding agent with the sole purpose of holding the fibres together [78]. This could be 
achieved either by polymer dispersions or polymer solutions [1]. Synthetic lattices are 
most commonly used; specifically acrylic, styrene–butadiene latex and vinyl acetate     
latex [78]. The selection of the binding agent is dependent on the fibre type as well as the 
desired properties for the end product. In addition, surface roughness, combined with both 
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cross sectional shape and porosity of the fibres, does have a great effect on the strength and 
adherence of the binder to the fibres [69]. 
 
Chemically bonded webs are produced by the following generic steps [1]: 
 
1- Application of the binder 
2- Coagulation of the binder 
3- Drying 
4- Curing 
2.5.1.1 Application of the binder 
Only application of latex binders is discussed in this section due to the aforementioned 
reasons discussed in section 2.5. 
2.5.1.1.1 Latex bonding 
Lattices are the most widely used form of chemical bonding because they are economical, 
versatile, easy to apply and very effective as a binder, due to the ease of adding      
additives [66]. 
 
Latex is applied by the following methods: 
 
Saturation 
Saturation is used when strength and stability are the main requirements for the resultant 
web as in this process the webs are totally covered by the binder [66] either by a padder or 
an application roll, depending on the type of the nonwoven [1, 67]. The web strength is 
dependent on binder cohesive and adhesive strength, as well as binder distribution and 
binder strength [76]. 
 
Spray bonding 
Spray bonding is mainly used if voluminous nonwovens are required [1] where spray 
nozzles are used to spray a chemical binder onto the web [4]. Suction is then used to 
maximize the penetration of the binder through the web [3]. The main advantage of this 
method is the lack of any direct contact with the web structure while applying the binder 
[66] which makes it ideal in bonding very thin webs [4]. 
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Low strength of the resultant webs as the binder is mainly concentrated on the surface [3], 
combined with higher consumption of binders compared to the saturation method, are the 
main disadvantages of this method [1]. 
 
Print bonding 
If adequate strength, water absorption and permeability are required, then print bonding is 
used as the whole surface is not covered with the binder [67]. This is achieved by applying 
a binder to the web in a paste form by the surface of patterned rollers or rotary          
screens [1, 15]. 
 
Foam or froth bonding 
Foam is a mixture of chemicals, foaming agent, water and air [79] which are beaten 
together using a turbine [78]. Basically there are two types of foam; the first one is stable 
foam which retains its structure even after it has been applied to a substrate, and the second 
one is unstable foam that collapses soon after application [79]. Foamed binders are applied 
using methods of saturation or printing with the help of a vacuum box to aid the foam 
penetration between the fibres of the web [1]. 
 
Even distribution of a bonding agent over the surface and low binder consumption are the 
main advantages of foam bonding, due to its large volume and low specific weight [79]. 
 
Curtain coating 
In this method, the bonding agent overflows from a reservoir and flows down on a flat 
surface. It then flows to the web as a thin film or curtain where it is pulled through the web 
by vacuum suction [4]. 
2.5.1.2 Coagulation, drying and curing 
Evaporating water from the polymer dispersions or by using thermo stabilizers to induce 
coagulation is called coagulation of the binder and it follows the binder application. Drying 
and curing of the binder usually take place after coagulation which all happen during the 
passage inside the same heating device [1, 15]. 
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The main aim of coagulation, which is initiated by heating the web to about 45-60°C, is to 
coagulate the polymer dispersion to form particles of a specific size that can adhere firmly 
to the fibres [3] rather than migrating through the web by capillary flow in the early stages 
of drying. This migration results in a non-uniform distribution where the binder is more 
concentrated at the surface rather than throughout the fabric [67]. 
 
After drying, the temperature is increased and curing takes place in which cross linking is 
initiated at temperatures between 120-160°C for 1-6 minutes [1]. 
2.5.2 Thermal bonding  
Thermal bonding is the most common method for bonding nonwovens and it requires a 
thermoplastic component to be present, which is mainly a thermoplastic fibre (mono and bi 
component) [80]. The thermoplastic component may also be in the form of: 
 
- Powder 
- Film 
- Web 
- Hot melt 
 
The process begins by the application of heat to the thermoplastic component until it 
becomes viscous or melts. As a result, the melted polymer then flows by surface tension 
and capillary action to fibre crossover points where it is solidified by cooling. [67]. 
 
Compared to other bonding methods, thermal bonding generally brings the benefits of low 
costs and low energy demands [81]. In addition, it is 100% nonvolatile, so it does not 
pollute the air or effluent water [82]. It has to be noted that prior to bonding, the fibres 
have to be free from temporary processing aids, natural impurities and manufacturing 
impurities to aid the bonding process [55]. 
 
Thermal bonding can be achieved by: 
 
1- Calendar bonding 
2- Ultrasonic bonding 
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3- Infrared bonding 
4- Hot through air bonding 
2.5.2.1 Thermoplastic fibres 
Thermoplastic adhesive fibres have simplified the bonding process of nonwovens as only a 
certain amount of these fibres is added to the base fibres while producing the nonwoven. 
The loose web is then heated causing the thermoplastic fibres to melt and either bond with 
each other and/or bond with the fibrous stock [83]. 
 
Thermoplastic fibres can be found as mono and bicomponent fibres and basically all 
thermoplastic fibres can be used as adhesive fibres [84], where the limit is only dependent 
on the heat resistance of the base fibres. Nowadays thermoplastic fibres based on 
polyolefins, polyesters or polyamides are the most widely used types [3]. 
 
It has been shown that two chemically different polymers usually do not adhere well to 
each other. However, two polymers which share similar chemical composition and overall 
molecular structure tend to perform well when it comes to adhesion. For this reason, co-
polyester thermoplastic fibres are best used for bonding polyester base fibres. If there are 
different types of fibres to be bonded, then co-polyamides are used in bonding due to their 
polar groups which give them good adhesion qualities with different polymers [1]. This 
good adhesion performance of co-polyamides is emphasized by the freedom of producing a 
bonding agent that meets a specific melting range from as low as 50°C as well as excellent 
chemical resistance to a variety of chemicals and solvents [84]. As opposed to polyamides, 
polyolefins are only suitable in bonding polyolefins due to their relatively low affinity to 
non-olefin fibres [3]. 
 
It has also been found that fibre morphology plays an important role in thermal bonding, as 
fibres with high molecular orientation and crystallinity tend to form weak and brittle 
bonds. The reason for this is thought to be due to lack of polymer flow and fibrillation of 
the fibres in the bonded regions. On the contrary, strong bonds tend to be formed by binder 
fibres of low molecular orientation and low crystallinity. Also, fibres with relatively less 
developed morphology exhibited a lower bonding temperature [85]. 
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2.5.2.2 Methods of thermal bonding 
2.5.2.2.1 Hot through air bonding 
In this process, a loose web containing base and binder fibres [86] is subjected to a heated 
gas, usually air, which is drawn through it by a vacuum [1, 86]. As a result, heat is 
transferred to the fibres by convection and conduction [3], which causes the binder fibres 
to either soften or melt and thermally bond at the crossover points after the subsequent 
cooling of the fibres. 
 
Generally there are two configurations for hot through air bonding systems; the perforated 
drum (the rotary system) and the perforated conveyor (the flat bed system). Of the two 
systems, the rotary system is preferred due to its compact design, as it packs all the units 
into one insulated housing which gives it better energy consumption due to minimal 
thermal loss [67]. 
 
Fig. 2-22 [67] illustrates a typical hot through air rotary bonding system in which a web is 
travelling around a porous cylinder supported by a woven wire or synthetic fabric mesh. A 
suction fan is then used to suck the heated air from the top side of the web, through it and 
then finally through the porous supporting cylinder. In some cases, a pressure or 
restraining wire may be used to hold the web as it revolves around the cylinder and to 
control the surface properties of the final web [86]. 
 
Figure  2-22  Rotary through air bonding system with restraining wire [67] 
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The controlling parameters of hot through air bonding are: 
 
1- Air speed: given that the other parameters are fixed, in general an increase in 
tensile strength and decrease in web thickness is achieved by increasing air speed 
due to the formation of more bonding sites [86] 
2- Dwell time: bonded nonwovens with a smooth top surface and an unbonded bottom 
surface are usually indicative of a short dwell time resulting in fibre and bond 
failure. Similarly, bonded webs exhibiting smooth top and bottom surfaces are 
indicative of dwell times just prior to maximum tensile strength. At dwell times of 
more than those associated with maximum tensile strength, the bonded web 
exhibits film-like properties and the failure here in tensile testing is due to fracture 
[86] 
3- Hot air temperature: is mainly dependent on the melt temperature of the adhesive 
fibre but it can be also increased to decrease the dwell time and increase production 
speed while maintaining the same tensile strength. However, it should  be noted 
that structural fibre changes that occur from excessive treatment at elevated 
temperatures can decrease the tensile strength of the web [3] 
4- Restraining wire: the sandwiching effect of the restraining wire leads to stronger 
and thinner webs [86] due to the formation of more bonding points through the 
decrease in spacing between the fibres. Moreover, restraining wires aided by         
bicomponent fibres are essential in controlling the shrinkage during the heating and 
cooling down processes [67] despite the drawback of higher energy consumption 
due to heating up [3] 
5- Basis areal density: when a restraining wire is not used, dwell times required to 
reach maximum tensile strength are proportional to the ratio of the basis areal 
density [86] 
 
The tricky aspect in hot through air bonding is to control the temperature and air flow in 
such a way that the web is heated quickly to the melting point of the binder fibre and then 
the air flow has to be reduced to minimize the variation in web thickness [67]. 
 
Fabric area densities ranging from 20 to 4000 g/m2 and thicknesses of up to 200 mm are 
successfully bonded by the hot through air process [3] and the final products usually 
possess softness, drapability and high bulk [67]. 
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2.5.2.3 Common thermal bonding failures 
Tensile failure after thermal bonding can be explained by the occurrence of one of the 
following bonding failure modes or by a combination of these modes [67, 87]: 
 
1- Bond-fibre failure between fibres within the bonding site caused by weak bonds 
due to low bonding temperature 
2- Fibre breakage rather than bond-fibre failure caused by optimum temperature of 
bonding leading to a bond which is stronger than the individual fibre 
3- Bond failure which is caused by very high bonding temperatures which leads to 
fibre disintegration and formation of film-like spots 
 
In addition to the above mentioned failure modes, many other unique failure modes take 
place due to the complicated interaction between physical, structural and adhesive 
properties of the binder and the base fibres. Moreover, their physical orientation inside the 
web as well as the amount of binder applied within a web add to this complicated nature of 
thermal bond failures [87]. 
2.5.3 Adhesive and cohesive bonding 
Bonding can be classified into two main types: 
 
1- Adhesive bonding 
2- Cohesive bonding 
2.5.3.1 Adhesive bonding 
When the fibrous web is bonded by applying a bonding agent in the form of a cured binder 
fluid, or solidified binder fibre of one or more type, then this type of bonding is called 
adhesive bonding [3, 15]. It is worth mentioning that nonwovens which contain binder 
fibres have both adhesive and cohesive bonds [3]. 
 
Adhesive bonding is a result of a combination of physical and chemical (intermolecular) 
interfacial forces between the fibre and the binder, given that both of the constituents are 
brought close enough to one another [3, 15, 88]. 
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Wetting of the substrate by the adhesive is of paramount importance for successful 
adhesion. This requires the fibre surface to have a higher surface energy than the binder 
polymer which is not always the case; thus a wetting agent is applied or the fibre surface is 
modified by various treatments such as plasma or chlorination [67]. In addition, as 
mentioned before, fibre impurities, processing aids and manufacturing impurities must be 
taken into account when bonding fibres together to deter any possible bond failures [55]. 
Accordingly, there is a range of potential bonding surfaces to consider when bonding. The 
bonding surfaces are [67]: 
 
1- Binder polymer cohesion properties (bonding to itself) 
2- Binder polymer adhesion properties (bonding to substrate, finish, impurities, etc) 
3- Binder/fibre volume and distribution 
2.5.3.2 Cohesive bonding 
In cohesive bonding, two identical web fibres are bonded together without a bonding  
agent [3] by the intermolecular forces between the identical fibres [88]. As the web is 
totally made of one polymer type [15], subsequent processes like dyeing and finishing are 
much easier and more efficient [3]. Cohesive bonding is best seen in embossing 
calendaring and thermofusion [3], as well as through temporary dissolving of the fibre 
surface [15] such as in paper making where reactive groups on the surface of adjacent 
moist pulp particles bond through hydrogen bond formation. 
2.5.4 Bonding site patterns 
According to Fig. 2-23 [3], three distinct bonding patterns can be identified [15, 67]: 
 
1- Total bonding, Fig. 2-23 (A): The bonding agent spreads in the form of a film and 
encapsulates the fibrous web such as in a bath application and homogeneous 
addition of binder fibres 
2- Surface bonding, Fig. 2-23 (B): The bonding agent is distributed as separate islands 
at the points of intersection with less bridging than the first type, usually on one 
side of the nonwoven fabric, which is typical for the spray method 
3- Partial bonding, Fig. 2-23 (C): The surface of the nonwoven, mostly in the form of 
patterns, is bonded mainly at the crossover points like in embossing calendaring 
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Figure  2-23  Bonding patterns [3] 
2.6 Thermobonding of wool and synthetic fibres 
Generally, there seems to be a scarcity in studies dealing with thermobonding wool and 
thermoplastic fibres as uncompressed 3D structures despite the importance of wool fibres 
as an established technical textile fibre due to its excellent technical qualities. The scarcity 
of studies concerned with the problem of thermobonding wool and thermoplastic fibres 
also extends to flat webs, as there are only a few studies that have discussed the 
aforementioned problem. One of the studies [89] that has approached the possibility of hot 
through air thermobonding of wool and low melting PP/PE, PP/PO, PET, PP                  
and VC/VC as lofty batts and not as 3D shells, has concluded that any thermobonding 
between wool and the aforementioned fibres is either extremely weak or even nonexistent. 
This statement was considered even after surface treatment of wool fibres with Hercosett 
and chlorination treatments. Furthermore, another study [90] reported the same result of 
unsatisfactory bonding while trying to stabilize a nonwoven web of wool and carbon fibres 
while using the same type of low melting polyester fibre reported in the aforementioned 
study as a binder fibre. Contrary to the two previous studies, patent no. US7905203 [91] 
claims otherwise. In this patent the inventor claims to have achieved substantial bonding 
between wool and low melting polyester fibres, the same type of low melting polyester 
fibres used in both previous studies, as lofty batts by treating wool fibres with an 
aggressive chlorination process, rather than the milder form used in the first report. The 
author of the thesis has a few reservations about this claim for the following reasons: 
 
1- No images for the bonded wool/polyester fibres were displayed 
2- No tensile strength data for wool fibres after the aggressive chlorination treatment 
was disclosed to prove that the aggressive chlorination process is not affecting the 
wool integrity 
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3- Lack of any tensile strength data regarding wool/polyester bonds as proof of 
substantial bonding 
 
Additionally, in all conducted studies there has been no attempt to thermobond wool and 
nylon fibres despite nylon’s potentially good bonding abilities. This bonding ability of 
nylon arises from its chemically active polar groups as well as its chemical compatibility 
with wool fibres and some surface treatments. For that reason it was suggested that nylon 
was more suited to thermobond with wool fibres than polyester fibres. 
2.7 Summary 
The processes discussed in this chapter indicated that the recently developed 3D nonwoven 
machine used in this study, although novel in concept, incorporates different parts from 
existing nonwoven technologies, especially from the dry laid method. These parts were 
combined into a modified single continuous process for the production of thermally 
bonded 3D nonwoven shell structures as follows: 
 
1. A modified roller card for opening the fibres 
2. A modified air laying system for stripping the fibres from the main cylinder and 
depositing it on the 3D porous mould 
3. A modified hot through air bonding system for bonding the shell structures 
 
As for the selection of thermoplastic fibres, the literature review implied that nylon fibres 
were the most suited thermoplastic fibres for thermobonding with wool fibres because of 
their active polar groups as well as their chemical resemblance with wool fibres. 
 
Furthermore, the literature review suggested that chlorination, Hercosett and plasma 
treatments were the three most suited surface modification treatments for the project 
because of their flexibility in treating bulky materials like wool tops, as well as providing 
satisfactory surface activation without inviting any adverse effects on the fibres bulk given 
that proper precautions were taken during the treatment. As for the rest of the treatments, 
they proved inappropriate for treating the wool fibres in this study for the following 
reasons: 
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- Although steam explosion was capable of treating bulky materials like wool tops, it 
proved to cause significant loss in mechanical properties and fibre wettability 
- Among all mentioned dry methods, ultraviolet treatment promised to oxidize most 
of the surface sulphur to sulphonic acid, and thus had the capacity to incorporate 
more oxygen on the fibre surface leading to better surface energy. However, this 
method was only capable of treating flat materials 
- Finally, although the literature review has hinted at the ability of corona discharge 
to economically increase the surface energy of wool fibres without affecting the 
fibre bulk compared to plasma treatment, its inability of treating wool tops has 
ruled out its adoption in this study. 
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Chapter 3 Research project and preliminary 
experiments 
 
3.1 Introduction 
The objective of this project was to gain a better understanding of the process of 
thermobonding wool/synthetic fibres as uncompressed 3D shell structures on an innovative 
3D nonwoven machine. The main advantage of this machine is its ability to produce 3D 
shell structures in one continuous process. However, it has to be noted that before this 
study, it has only been used successfully with 100% thermoplastic fibres. 
3.2 Research challenge 
The research challenges can be summarised as follows:  
 
1- Thermobonded 3D nonwoven shell structures have been restricted to manufactured 
fibres 
2- Despite wool fibres possessing excellent qualities suitable for technical textiles, 
they are still not fully deployed in 3D structures 
3- There is a scarcity of studies dealing with thermobonding of wool/thermoplastic 
fibres as 2D webs let alone as 3D structures 
4- Although nylon fibres are both polar and chemically compatible with wool fibres, 
no attempt has yet been made to bond them with wool fibres 
3.3 Aim of the study 
Accordingly, the aims of the study can be summarised as follows: 
 
1- Forming uncompressed thermobonded 3D wool/thermoplastic nonwoven shell 
structures without affecting the excellent natural qualities of wool fibres 
2- Better understanding of the controlling factors that govern the process of hot 
through air thermobonding of wool/synthetic fibres 
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3.4 Study approach 
The study was approached as follows: 
 
1- Controlling parameters that govern the process of thermobonding 
wool/thermoplastic fibres including fibre type, blending ratio, pre-treatment, 
bonding temperature, dwell time, bonding angle and wrapping angle were studied 
to determine their effect on the final product properties. This step was achieved 
through experimentation and testing 
2- A potential commercial wool/thermoplastic 3D shell structure has been produced as 
a proof of concept 
3.5 Preliminary experiments 
3.5.1 Formation of 3D shell structures 
The process of forming 3D shell structures comprised three main stages as follows: 
 
1- Preparation of blended webs 
2- Forming of 3D shell structure 
3- Bonding of 3D shell structure 
3.5.1.1 Preparation of blended webs 
Lofty carded webs about 35 cm wide, 170 cm long and 3 cm thick were produced on a 
small card equipped with an electronically controlled conveyor belt as follows: 
 
1- The fibres were first weighed to the desired blending ratio 
2- The fibres were then opened by hand and arranged into two separate layers, one for 
wool fibres and the other for synthetic fibres 
3- The fibres were then fed into the carding machine to obtain the carded and blended 
web 
4- Finally, to increase the uniformity of the blend, the resultant webs were doubled and 
then fed into the card again 
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3.5.1.2 Formation of the 3D shell structure 
The process of 3D web forming, as shown in Fig. 3-1 [76], can be summarized as follows: 
 
1- The pre-blended web of wool/thermoplastic fibres was introduced into the roller 
card via the feed roller positioned at the back end of the card 
2- The fibres were then opened and separated by the carding process in preparation for 
the fibre deposition on the mould 
3- With the help of the depositing chamber suction fan (not shown), and the upper and 
the lower ducts which act as an air stream guide, the fibres were stripped off the 
card and deposited on the horizontally placed porous mould inside the depositing 
chamber, as shown in Fig. 3-2 
4- The fan was then stopped and the porous mould was moved to the bonding 
chamber via a pair of rails (not shown) where the bonding stage took place 
 
 
 
Figure  3-1  3D nonwoven machine 
Bonding chamber 
Heated air tank 
Depositing chamber 
Lower duct 
Upper duct 
Control unit 
Carding machine 
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Figure  3-2  Hat shaped 3D porous mould 
3.5.1.3 Bonding of the 3D web 
The process of 3D web bonding, as shown in Fig. 3-3, can be summarized as follows: 
 
1- The air inside the air tank was first heated to the desired temperature and kept 
constant by the electronic temperature controller 
2- After the air has reached the desired temperature, the porous mould was moved 
from the depositing chamber to the bonding chamber in preparation for the bonding 
process 
3- The bonding process began by closing the upper part of the bonding chamber with 
the assistance of a pneumatic system (not shown) onto the fixed lower part of the 
bonding chamber 
4- The closure of the upper part of the bonding chamber onto the lower part sealed the 
bonding chamber and created a closed heating system which minimized both heat 
loss and heating expenses. As a consequence, the porous mould became concealed 
inside the bonding chamber, ready for the bonding process 
5- Afterwards, the heated air was drawn from the heated air tank via the bonding 
chamber suction fan (not shown). This action caused the heated air to circulate 
from the heated air tank, then through the porous mould and the fibres, and then 
finally to the tank again in a continuous closed cycle 
6- The fan was then switched off after the desired dwell time was reached 
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7- At last the upper part of the bonding chamber was opened with the help of the 
pneumatic system (not shown) and the bonded 3D shell structure was removed 
from the porous mould, as shown in Fig. 3-4, in preparation for another bonding 
cycle 
 
Figure  3-3  Bonding chamber 
  
Figure  3-4  Hat shaped 3D shell structure 
3.5.2 Fibre properties and proposed technical parameters 
Due to the scarcity of literature dealing with hot through air thermobonding of wool fibres 
with thermoplastic fibres as flat webs, let alone as 3D shapes, preliminary trials were vital 
to find the right type of fibres as well as the suitable processing parameters that can lead to 
a satisfactory bond between wool and thermoplastic fibres. To achieve this objective, three 
Upper part of bonding 
chamber 
Lower part of bonding 
chamber 
 66 
low melting point synthetic fibres were used throughout the preliminary tests, as listed in 
Table 3-1. 
Table  3-1 Synthetic fibre types used in preliminary tests 
Fibre 
name 
Manufacturer 
Bi or mono 
component 
Fibre type 
Tg 
°C 
Tm 
°C 
Linear 
Density  
dtex 
 
Length 
mm 
T 254 TREVIRA bi PET/CO-PET 70 110 2.2 50 
KA 
115 
EMS-
GRILTECH 
mono PA - 115 2.2 38 
BA 
115 
EMS-
GRILTECH 
bi PA/CO-PA - 115 3.3 38 
Note: PET=polyester  PA=polyamide (nylon ) 
 
In addition to the above mentioned synthetic fibres, 20.5 micron scoured Australian open 
top Merino wool was used to create the wool/synthetic fibre blends. 
 
Moreover, three other parameters listed in Table 3-2 where chosen to gain a better 
understanding of the bonding process. 
 
Table  3-2  Technical parameters for preliminary tests 
Temperature 
ºC 
70 120 140 160 
Dwell time sec 2 10 20 30 60 120 180 
30/70 
50/50 
Blending ratio 
wool/synthetic 
fibres % 70/30 
 
3.5.3 Tests for evaluating the preliminary test samples 
The preliminary samples were examined by two tests: 
 
1- Tensile strength test 
2- Scanning electron microscope (SEM) 
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3.5.3.1 Tensile strength test 
Different samples were tested on the Instron Series IX Automated material testing system, 
to determine their tensile strength. The tests were carried out according to                       
ISO 9073-3:1989 [92] and under the standard atmosphere according to ISO 139 [93]. The 
size of the test sample was 100 mm in length, 40 mm in width, and the grip distance was 
60 mm. The samples were mounted in the clamps so that the force would be acting along 
the length of it. 
3.5.3.2 Scanning electron microscope (SEM) 
A Hitachi scanning electron microscope (SEM) model S-3000 N, operating at accelerating 
voltage of 5-15 kV, was used to examine the bonds between the wool and the synthetic 
fibres. Samples were fixed on stubs using a copper adhesive tape to increase the 
conductivity of the sample and then pre-coated with a thin layer of gold. 
3.6 Results and discussion 
The following observations were made for the preliminary trials: 
 
1- SEM images, as shown in Fig. 3-5, illustrate that 3D shell structures made of 
untreated wool/bicomponent PET fibres show no signs of bonding at all, 
regardless of the dwell time and bonding temperature. It has also revealed that 
wool fibres were only mechanically trapped in a network of bonded PET fibres, 
which largely coincides with the studies previously mentioned in section 2.6 
              
          Figure  3-5  SEM images of untreated wool/bicomponent PET fibres blend 
2- Contrary to wool/polyester blends, SEM images Fig. 3-6, of untreated 
wool/monocomponent nylon fibres showed that there were traces of unsuccessful 
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bonding between wool and nylon fibres. The traces of failed bonding sites 
suggested that the chemical resemblance of nylon and wool fibres in addition to the 
active polar groups of nylon may be the reason for the partially better bonding 
performance between the two fibres compared to the wool bonding behaviour with 
polyester fibres 
 
Figure  3-6  SEM image of untreated wool/bicomponent nylon fibres blend 
3- On the other hand, unsuccessful bonding between wool and nylon fibres was 
suggested to be a result of low surface energy of wool fibres caused by the 
hydrophobic nature of its surface. The hydrophobicity was caused mainly by the 
epicuticle membrane that consists of adhering hydrophobic covalently bound lipids, 
which act as a barrier between the wool surface and the molten nylon fibres. This 
assumption has inspired the idea of using surface modification treatments to 
overcome the low surface energy of wool fibres which is normally associated with 
untreated wool fibres 
4- Dwell times as short as three seconds led to a very high shrinkage rate in the 
resultant wool/monocomponent nylon shell structure, which was emphasized even 
more with the increase of nylon fibres ratio in the blend as well as the increase of 
bonding temperature. Accordingly, increasing the dwell time and/or bonding 
temperature rendered the resultant shell structure unusable due to the very high 
shrinkage rate. As a result, the monocomponent nylon fibres were replaced with 
low melting point bicomponent nylon fibres (BA115) listed in Table 3-1. This led 
to the possibility of prolonged dwell times as well as higher bonding temperatures 
without having to deal with the shrinkage problem. The lower rate of shrinkage 
seen in samples composed of BA115 fibres, suggested that the high melting point 
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of the BA115 core (220º) was unaffected by the used bonding temperatures and 
hence the improved shrinkage rate 
5- A bonding temperature of 160°C was chosen for bonding all the samples after the 
preliminary trials, as temperatures up to 150°C proved insufficient according to the 
preliminary trials as well as fibre manufacturer recommendations. It is important to 
mention that the bonding temperature was not raised above the 160°C limit to 
prevent any undesired alterations in the wool fibre structure according to the 
literature review section 2.3.1.4 
6- As for the dwell time, preliminary results showed that dwell times up to 30 seconds 
did not produce shell structures with appreciable strength, and thus two additional 
dwell times of 60 and 90 seconds were introduced 
7- As far as the blending ratio is concerned, 70/30% wool/monocomponent nylon 
blends exhibited a very soft handle and low tensile strength combined with an 
inability to sustain the formed 3D shape. On the other hand, 30/70% 
wool/monocomponent nylon blends resulted in an unacceptable shrinkage rate and 
harsh handle due to the high percentage of monocomponent nylon fibres. 
Moreover, this particular blend demonstrated the best tensile strength results of all 
three blending ratios. Finally, 50/50% wool/monocomponent nylon blend seemed 
to offer the best compromise regarding tensile strength, softness and shrinkage and 
hence was chosen to be the base of this study 
3.7 Summary 
At this stage all untreated wool/PET shell structures showed no signs of bonding and wool 
fibres were only mechanically trapped in a network of PET fibres. Monocomponent nylon 
fibres have partially bonded but the produced shell structures suffered from very high 
shrinkage which was not observed in bicomponent nylon/wool blends. It was concluded 
that nylon fibres showed promising results in thermobonding wool fibres although more 
investigation was needed due to the low surface energy of wool fibres which was thought 
to be the main reason for poor bonding results. Accordingly, the effect of surface 
treatments of wool fibres on the bonding mechanism had yet to be examined. Finally a 
blending ratio of 50/50% wool/bicomponent nylon fibres, a bonding temperature of 160°C, 
and dwell times of 30, 60 and 90 seconds were chosen to be used for the rest of the 
experimental work. 
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Chapter 4 Wool surface modification 
treatments and single fibre tensile strength 
 
4.1 Introduction 
The experimental results discussed in chapter 2 indicated a lack of bonding between wool 
and nylon fibres. Reviewing the literature suggested that the problem was due to the low 
surface energy of wool fibres, which in turn seemed to deter any bonding between wool 
and nylon fibres. A common approach for overcoming the low surface energy of wool 
fibres is through wool surface treatments. As a consequence, it was important to check 
whether any of the chosen treatments has an adverse effect on wool fibres tensile strength 
or not. This was especially important as it served as a basis for the explanation of pair 
bonding results, discussed later in chapter 5, which involves the bonding between only two 
fibres, namely one wool, and one nylon fibre. Checking for any adverse effects that wool 
surface treatments may have on wool fibres also helped in the explanation of the 3D shell 
structures’ tensile strength results, discussed later in chapter 7. Moreover, SEM 
examination of single fibre tensile failure was discussed in this chapter as it corroborated 
later the evaluation of the SEM examination of 3D shell structures after tensile failure, to 
determine whether the 3D shell failure was due to bond or fibre failure or both. 
4.2 Wool surface modification treatments 
Wool surface treatments have been discussed in detail in section 2.3.9, but to put these 
processes into context, a brief description of the process and its importance is included. 
4.2.1 Importance of surface modification treatments 
Wool fibres are hydrophobic in nature due to the inert lipid layer adhering to the epicuticle 
which is the very outer surface of the wool fibre cuticle. This lipid layer serves as a 
defence mechanism against outer attacks and hence it is inert in nature. In addition to the 
lipid layer, wool fibres also have a highly cross linked exocuticle. Accordingly, surface 
modification treatments are special treatments that mainly lead to the increase of wool 
surface energy through: 
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1- Ablation of the outer lipid layer or membrane 
2- Bond scission and introduction of new functional polar groups on the fibre surface 
 
The primary functions of these treatments are as follows: 
 
1- Confer shrink proofing qualities to the fibres 
2- Increase wettability, dyeability and polymer adhesion 
 
Polymer adhesion and increased wettability are of special interest to this study as these two 
new functions promised better bonding between wool and nylon fibres. 
 
Surface modification treatments were chosen according to the following criteria: 
 
1- No adverse effects on fibre bulk 
2- High surface activation 
3- Ability to treat bulky materials (wool tops) 
 
Accordingly, Table 4-1 matches the different treatments, previously discussed in section 
2.3.1.6.2, with their individual scores according to the criterion of choice. 
Table  4-1  Different surface treatments and their score in regard to criterion of choice 
Treatment/Criteria 
No adverse 
effects on fibre 
bulk 
High surface 
activation 
Ability of 
treating bulk 
materials 
Total score 
Steam explosion — — — 0 
Ultraviolet X X — 2 
Plasma X X X 3 
Wet Chlorination X X X 3 
Hercosett X X X 3 
— = Did not fulfil the criteria   X =fulfilled the criteria 
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From Table 4-1, three surface modification treatments have met the full set of criterion as 
follows: 
 
1- Plasma 
2- Wet chlorination 
3- Hercosett 
 
Accordingly, in addition to the untreated wool fibres, only fibres treated by the three 
aforementioned surface modification treatments were sourced from the Deutsches 
Wollforschungs Institut (DWI), at the RWTH Aachen University, Aachen, Germany. 
Those wool fibres were subsequently used in the production of the pair bonded samples, 
discussed in chapter 5, and the 3D shell structures, discussed in chapter 7. 
4.3 Experimental 
4.3.1 Fibre types 
The following fibre types were used to conduct the trials: 
 
1- 20.5 micron untreated wool fibres (Wu) 
2- 20.5 micron plasma treated wool fibres (Wp) 
3- 20.5 micron chlorinated wool fibres (Wc) 
4- 20.5 micron Hercosett wool fibres (Wh) 
5- 3.3 dtex and 220/115 C core/sheath melting point bi-component nylon fibres 
(BA115) 
 
All wool fibres were Australian Merino wool tops. 
 
Although all wool fibres were sourced from (DWI), it would be of interest to give a brief 
synopsis about the treatment procedure for each wool treatment type. The detailed effects 
of each treatment on wool fibres are discussed in length in section 2.3.1.6.2. 
4.3.1.1 Process of Chlorination treatment 
Chlorination is an oxidative treatment that aims to raise the surface energy of wool fibres 
through the ablation of the lipid layer, and the incorporation of active anionic polar groups 
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on the wool surface [32]. The resultant fibres are both highly reactive and shrink proof. 
Chlorination can be achieved via a wide range of chemicals. The following procedure is 
for chlorination with sodium or potassium salt of dichloroisocyanuric acid (DCCA), which 
is regarded as one of the most important chlorination treatments [19]. The process proceeds 
as follows: 
 
1- Wool fibres are first incubated in cold water [94] 
2- Wool fibres are then transferred into a solution containing DCCA. The pH of the 
solution is typically set around pH 3 to pH 6. Hypochlorous acid (HClO), which is 
the active ingredient in this treatment, is released by the slow hydrolysis of the 
sodium or potassium salt of dichloroisocyanuric acid [19] 
3- Treated fibres are then rinsed in warm water [94], and treated by a solution of 
sodium sulphite and sodium carbonate as an antichlorination step to stop any 
further undesired reaction between chlorine and wool fibres [95] 
4- Finally, the fibres are rinsed in water and dried [94, 95] 
4.3.1.2 Process of Hercosett treatment  
Hercosett is a cationic polyamide epichlorhydrin (PAE) polymer resin [53]. This process 
works on the basis of oxidation and subsequent coating with resins to mask the scales of 
wool fibres, and thus lending shrink proofing qualities to the fibres [19]. So in principal, 
deposition of the polymer is preceded with a chlorination process. The procedure can be 
summarized as follows [95]: 
 
1- Chlorination, neutralization and rinsing of wool fibres, as discussed in section 
4.3.1.1 
2- Polymer deposition of the polymer resin, by immersing the prechlorinated wool 
fibres in a solution containing Hercosett-57 and sodium bicarbonate 
3- The last step involves rinsing and drying the wool tops 
4.3.1.3 Process of plasma treatment 
Plasma is regarded as environmentally alternative to both chlorination and Hercosett 
treatments, due to the absence of any absorbable organic chlorides (AOX) [40]. Plasma is 
generated by the gaseous electric discharges or microwave stimulation.[96]. And as a result 
plasma is a completely or partially ionised gas that includes neutral species              
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(excited atoms, free radicals, and metastable particles), and charged species          
(electrons an ions). The change brought to the fibre surface is induced either physically or 
chemically. Plasma treatment tends to increase the surface energy of the wool fibres as 
well increase their shrink resistance through etching of the lipid layer and the incorporation 
of anionic polar active groups on the surface [97].. Generally the process of plasma 
treatment is as follows [97, 98]: 
 
1- Placement of the wool fibres in-between the two electrodes in the reaction chamber 
2- Inducing the desired vacuum in the reaction chamber 
3- Introduction of the of the plasma gas into the reaction chamber at the desired flow 
rate, power and treatment time 
4.3.2 Technical parameters 
Table 4-2 lists the different technical parameters which were used during the course of this 
study. 
Table  4-2  Technical parameters of single fibres 
Temperature 
(ºC) 160 
Dwell time 
(sec) 30 60 90 
BA115 
Wu 
Wp 
Wc 
Fibre type 
Wh 
BA115 = nylon, Wu = untreated wool, Wp = plasma wool, Wc = chlorinated wool, Wh = Hercosett wool 
 
It has to be noted that the temperature and dwell time values were chosen specifically for 
the reasons previously mentioned in chapter 3. 
4.3.3 Process parameters of test samples 
Table 4-3 lists the process parameters of single fibres. 
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Table  4-3  Single fibre process parameters 
Sample  
no. 
Raw  
material 
Dwell time 
(sec) 
Temperature 
(± 5°C) 
SF1 30 
SF2 60 
SF3 
Wu 
90 
160 
SF4 30 
SF5 60 
SF6 
Wc 
90 
160 
SF7 30 
SF8 60 
SF9 
Wh 
90 
160 
SF10 30 
SF11 60 
SF12 
Wp 
90 
160 
4.3.4 Equipment and processes 
4.3.4.1 Equipment 
The same bonding chamber which was used for bonding the preliminary 3D samples was 
used for subjecting single fibres to the desired temperature and dwell times. The only 
difference was that single fibres were prepared in a special way in order to facilitate their 
processing and then testing in the tensile strength tester. 
4.3.4.2 Single fibre processing and tensile strength testing 
Figures 4-1 and 4-2 illustrate both the procedure for processing the single fibres as well as 
their preparation for tensile strength testing where: 
 
1- A single fibre was placed across a punched card, Fig. 4-1 
2- The fibre was then held securely in place by gluing both ends of it over the card 
3- Afterwards the card was mounted inside the bonding chamber and subjected to the 
desired temperature and dwell time (not shown) 
4- Next the card was lifted outside the bonding chamber and placed in between the 
two cross heads of the tensile tester, Fig. 4-2 (A) and ultimately the sides of the 
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card were cut, Fig. 4-2 (b), and the test was conducted until tensile failure has 
occurred, Fig 4-2 (C) 
 
 
Figure  4-1  Single fibre placement on card 
 
Figure  4-2  Single fibre tensile strength testing procedure 
4.3.5 Tests for sample evaluation 
4.3.5.1 Single fibre tensile strength test 
Different samples were tested on the Instron Series IX Automated material testing system, 
to determine their tensile strength. The tests were carried out according to                       
ISO 9073-3:1989 [92] and under standard atmosphere conditions according to ISO 139 
[93]. The length of the test sample across the punched hole was 16mm. So the actual tested 
sample length was 16mm as the fibres were glued directly on the perimeter of the punched 
C
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Wool fibre 
Punched Area 
(A) (B) (C) 
Upper jaw 
Lower jaw 
Tensile failure 
 77 
hole. The grip distance was 30 mm in length which was the actual length of the supporting 
card, and the strain rate was 5 mm/min. 
4.3.5.2 Scanning electron microscopy 
A Philips FEI/XL30 scanning electron microscope (SEM) was used to examine the 
samples. The microscope was operated in normal SE (secondary electron) mode for 
analyzing the topography of the fibres after fibre breakage. All samples had been gold 
coated on a gold sputter apparatus prior to testing to improve conductivity. 
4.4 Results 
4.4.1 Single fibre tensile strength results 
Table 4-4 lists the tensile strength results for single fibres heated at 160ºC for 30, 60, 90 
seconds dwell time, and 45º bonding angle compared to their unheated state. The aim of 
this test was to explore the effect of heat treatment on the tensile strength of untreated, 
chlorinated, plasma and Hercosett treated wool fibres. The results implied that all wool 
fibres did not suffer a great loss in tensile strength by the heat treatment. Contrarily, nylon 
fibres seemed to have weakened by the heat treatment. 
 
It has to be noted that the heating time as well as the temperature were set according to the 
conclusions drawn in chapter 3. The sample size for each fibre type was 20 fibres, and the 
tenacity figure for each type reflects the arithmetic mean of each 20 samples 
 
Table  4-4  Tensile strength results for single fibres at different dwell times 
Fibre type 
Dwell time 
(sec) Number of samples 
Tenacity 
(cN/dtex) 
0 1.64 
30 1.60 
60 1.59 
Untreated Wool 
 
 
 90 
20 
1.62 
0 1.26 
30 1.25 
60 1.22 
Chlorinated Wool 
 
 
 90 
20 
1.17 
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Fibre type 
Dwell time 
(sec) Number of samples 
Tenacity 
(cN/dtex) 
0 1.61 
30 1.51 
60 1.61 
Plasma Wool 
 
 
 90 
20 
1.54 
0 1.50 
30 1.53 
60 1.48 
Hercosett Wool 
 
 
 90 
20 
1.57 
0 2.72 
30 2.53 
60 2.16 
Nylon 
 
 
 90 
20 
1.93 
 
Similarly, Fig 4-3 plots the relation between the tensile strength and dwell time for the 
same batch of fibres. 
 
 
Figure  4-3  Relation between dwell times and tensile strength for single fibres 
 79 
To asses whether the dwell times produced significant changes in the tensile strength of the 
fibres or not, an ANOVA test was carried out, and outcome listed in Table 4-5. The 
confidence level was set to 95%, and accordingly any P value which was ≤ 0.05 denoted a 
significant change or effect in the studied property. In case two groups scored the same P 
value, then the F value is used to distinguish which group has the most significant effect, as 
the higher the F value the better. In this statistical analysis, tensile strength results for each 
fibre type represented the dependent property, and dwell times were the independent 
factor. The out come of this test revealed that dwell times only induce a significant change 
in the tensile strength results of the nylon fibres, but it did not show which fibre type 
produced the most significant change in tensile results in each dwell time when compared 
to the other fibre types. Accordingly another ANOVA test, Table 4-6, was carried out, 
where the independent factor was the fibre type and the dependant property was fibres 
tensile strength within each dwell time. This test proved that fibre types did have a 
significant effect on the tensile strength at each dwell time. To pin point which fibre 
produced the most significant tensile strength results at each dwell time, a multiple 
comparison test was performed, and results listed in Table A-1 Appendix A. 
Table  4-5  ANOVA for significance of dwell times on fibre tensile strength for each fibre type 
 
 
df F P 
Between Groups 3 .053 .984 
Within Groups 76   
Untreated Wool 
  
  Total 79   
Between Groups 3 .161 .922 
Within Groups 76   
Chlorinated Wool 
  
  Total 79   
Between Groups 3 .249 .862 
Within Groups 76   
Plasma Wool 
  
  Total 79   
Between Groups 3 .154 .927 
Within Groups 76   
Hercosett Wool 
  
  Total 79   
Between Groups 3 25.492 .000 
Within Groups 76   
Nylon 
  
  Total 79   
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Table  4-6  ANOVA for significance of fibre type on fibre tensile strength for each dwell time 
  df F P 
Between Groups 4 37.501 .000 
Within Groups 95   
0s 
Total 99   
Between Groups 4 27.620 .000 
Within Groups 95   
30s 
Total 99   
Between Groups 4 12.744 .000 
Within Groups 95   
60s 
Total 99   
Between Groups 4 7.779 .000 
Within Groups 95   
90s 
Total 99   
4.4.2 Scanning electron microscope results 
Figures 4-4 to 4-7 show a set of SEM images for untreated, plasma, chlorinated and 
Hercosett treated wool fibres after tensile failure. Image (A) in Figures 4-4 to 4-7 
represents the fibre in its original state without being subjected to any heat, while images 
(B, C, D) represent the fibres after being heated at 160ºC for 30, 60 and 90 seconds 
respectively. In addition Figure  4-8 represents tensile failure of untreated and unheated 
wool fibres from the Atlas of Fibre Fracture and Damage to Textile [99] for the sake of 
comparison. The SEM inspection was carried to determine whether the different treatments 
as well as the heating times have an effect on the wool structure or not. This was achieved, 
as discussed later, by comparing the SEM images of tensile fracture of each wool fibre 
type after heat treatment, to its state prior to heating. And most importantly to the untreated 
and unheated fibres, both from the study as well as those from the Atlas of Fibre Fracture 
and Damage to Textile. 
 
From the images two distinct failure modes were noticed: 
 
1- Granular transverse fracture, where the fracture is mainly noticed as a single 
breakage as seen in 4-4 (D), 4-5 (A), 4-6 (B, C, D), 4-7 (A, B, C, D), and.              
4-8 (A, B, D) 
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2- Transverse and axial split, where the fractured region of the fibre contains two 
transverse breaks linked together by an axial split as seen in Figures 4-4 (A, B, C), 
4-5 (B, C, D), 4-6 (A)and 4-8 (C, E) 
 
  
  
Figure  4-4  Examples of untreated wool fibre tensile failure at: 
(A) no heat treatment 
(B) 30 seconds dwell time and 160ºC bonding temperature 
(C) 60 seconds dwell time and 160ºC bonding temperature 
(D) 90 seconds dwell time and 160ºC bonding temperature 
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Figure  4-5  Examples of plasma treated wool fibre tensile failure at: 
(A) no heat treatment 
(B) 30 seconds dwell time and 160ºC bonding temperature 
(C) 60 seconds dwell time and 160ºC bonding temperature 
(D) 90 seconds dwell time and 160ºC bonding temperature
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Figure  4-6  Examples of chlorinated wool fibre tensile failure at: 
(A) no heat treatment 
(B) 30 seconds dwell time and 160ºC bonding temperature 
(C) 60 seconds dwell time and 160ºC bonding temperature 
(D) 90 seconds dwell time and 160ºC bonding temperature
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Figure  4-7  Examples of Hercosett wool fibre tensile failure at: 
(A) no heat treatment 
(B) 30 seconds dwell time and 160ºC bonding temperature 
(C) 60 seconds dwell time and 160ºC bonding temperature 
(D) 90 seconds dwell time and 160ºC bonding temperature 
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Figure  4-8  Tensile fracture of untreated and unheated wool fibres 
(Atlas of Fibre Fracture and Damage to Textile) 
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4.5 Discussion 
4.5.1 Single fibre tensile strength 
From Tables 4-4, 4-5, 4-6, and Fig 4-3 the following could be concluded: 
 
1- None of the wool fibres had suffered any notable strength loss with the increase of 
the dwell time 
2- In contrast to the wool fibres, BA115 fibres showed a decrease in tensile strength 
with the increase of the dwell time, where the unheated nylon fibres scored the 
highest tensile strength, followed by those heated for 30, 60 and 90 seconds 
respectively 
3- Short dwell times of 30, 60 and 90 seconds did not have any significant impact on 
the tensile strength of wool fibres as demonstrated by the ANOVA result, as 
observed in Table 4-6, where their P value was greater than 0.05. As opposed to 
wool fibres, the relation between dwell time and BA115 fibre strength was 
significant, as observed in Table 4-6, and is thought to be related to gradual 
degradation of nylon fibre structure with prolonged heating time leading to fibre 
failure 
4- Fibre types proved to have a significant effect on the tensile strength at each of the 
dwell times, as the P value was less than 0.05 for each group, as shown in        
Table 4-7. In each of those groups, the significance was mainly attributed to the 
BA115 fibres, as they produced the most significant change in tensile strength 
results compared to wool fibres, as shown in Table A-1 Appendix A 
4.5.2 SEM of fibre tensile failure 
By comparing Figures 4-4 to 4-7 for tensile failure of untreated, plasma, chlorinated, and 
Hercosett treated wool fibres heated for 0, 30, 60 and 90 seconds, the following could be 
concluded: 
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1- Two distinct modes of tensile failure were observed: 
- transverse cracks as shown in Figures 4-4 (D), 4-5 (A), 4-6 (B, C, D), and  
4-7 (A, B, C, D) 
- transverse and axial splits as shown in Figures 4-4 (A, B, C), 4-5 (B, C, D) 
and Fig. 4-6 (A) 
2- No specific tensile failure mode could be distinguished for a specific dwell time as 
both failure modes were present. This suggested that the used heating times did not 
have any noticeable effect on the failure mode 
3- Both failure modes were detected for the unheated fibres regardless of the 
treatment, which implied that there was no structural damage to the fibres when 
heated for the specified time 
4- In general there was no distinct failure mode related to a specific surface treatment, 
Figures 4-5 to 4-7, when compared to the untreated wool samples, Fig. 4-4, as 
untreated wool samples exhibited both tensile failure modes 
5- The results of tensile failure modes were in agreement with another study [99] on 
fracture modes of different fibres. The SEM images of untreated and unheated wool 
fibres, Fig 4-8 [99], of this study demonstrated the same two tensile failure modes 
illustrated in Figures 4-4 to 4-7. The transverse tensile failure in the latter study is 
shown in Fig. 4-8 (A, B, D) and the transverse and axial splits are shown in        
Fig. 4-8 (D, E) 
6- The SEM results of both the current study and the other study do emphasize the 
results of the single fibre tensile strength listed in Tables 4-4 and 4-5 and plotted in 
Fig 4-3, which showed that dwell times and surface treatments used throughout the 
study did not have any significant effect on the tensile strength of wool fibres 
7- Finally, it has to be pointed out that the flattening effect experienced by fibres 
shown in Figures 4-6 (B) and 4-7 (D) are thought to be a result of unintentionally 
pushing the end of the fibre with the tweezers while mounting them on the stubs to 
be examined under the SEM 
4.6  Summary 
All things considered, wool fibre surface treatments of plasma, chlorination and Hercosett, 
and heating times of 30, 60 and 90 seconds determined earlier by the preliminary trials on 
the 3D machine did not seem to have any significant effect on the tensile strength of wool 
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fibres when compared to the tensile strength results of the unheated variant of each specific 
fibre treatment. As for tensile failure modes, SEM images showed that there were two 
distinct failure modes regardless of the treatment type and heating time which were the 
transverse and transverse and axial split. The two tensile failure modes were the same for 
the untreated and unheated wool fibres which suggested that the used heating times and 
treatment types did not have any significant effect on the structure of wool fibres. In 
contrast, BA115 fibres showed a decrease in tensile strength with the increase of the 
heating time. The decrease is thought to be a result of fibre thermal degradation associated 
with the prolonged heating time. 
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Chapter 5 Impact of wool surface treatments 
on bond tensile strength of pair bonded 
samples 
 
5.1 Introduction 
Chapter 4 was concerned with the effect of wool surface treatments on the tensile strength 
of wool fibres, which for all practical purposes was not reduced by the proposed 
treatments. This chapter is more concerned with the effect that wool surface treatments 
have on the bond tensile strength of pair bonded wool and nylon fibres as well as the 
number of bonding points. Pair bonding was specifically chosen as it was very difficult to 
examine the exact effect that surface treatments, bonding temperature and bonding times 
have on bond tensile strength and number of bonds if it would have been only studied on 
3D shell structures scale. The results presented here helped in clarifying the impact that 
wool surface treatments as well as the other processing parameters have on bonding 
performance between wool and nylon fibres. 
5.2 Experimental 
5.2.1 Fibre types 
The same fibre types listed in section 4.3.1 were used to realize the pair bonded samples 
except for the untreated wool fibre. The reasoning behind eliminating the untreated wool 
fibres from the trials was its inability to form any bonds with nylon fibres. The exclusion 
of the untreated wool fibres brought the number of used fibres down from five to four 
fibres as follows: 
 
1- 20.5 micron plasma treated wool fibres (Wp) 
2- 20.5 micron chlorinated wool fibres (Wc) 
3- 20.5 micron Hercosett wool fibres (Wh) 
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4- 3.3 dtex and 220/115 C core/sheath melting point bicomponent nylon               
fibres (BA115) 
 
All wool fibres were Australian Merino wool tops. 
5.2.2 Technical parameters 
Table 5-1 lists the different parameters used for sample production. 
Table  5-1  Technical parameters of pair bonded samples 
Temperature 
(ºC) 160 
Dwell time 
(sec) 30 60 90 
BA115 
Wp 
Wc 
Fibre type 
Wh 
BA115 = nylon, Wp = plasma wool, Wc = chlorinated wool, and Wh = Hercosett wool 
5.2.3 Process parameters of test samples 
Table 5-2 lists test sample parameters for pair bonding samples. 
Table  5-2  Pair bonding process parameters 
Sample 
no. 
Raw 
Material 
Bonding 
Fibre 
Type 
Bi or 
Mono 
Dwell 
Time 
(sec) 
Bonding  
Angle º 
Temperature 
(± 5°C) 
PB 1 30 
PB 2 60 
PB 3 
BA115/Wc BA115 Bi 
90 
45 160 
PB 4 30 
PB 5 60 
PB 6 
BA115/Wh BA115 Bi 
90 
45 160 
PB 7 30 
PB 8 60 
PB 9 
BA115/Wp BA115 Bi 
90 
45 160 
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5.2.4 Equipment and processes 
5.2.4.1 Equipment 
The bonding chamber, described in section 3.5.1.3, which was previously used to bond the 
preliminary 3D shells as well as subjecting the single fibres to the desired temperature was 
again used to achieve the pair bonding between wool and nylon fibres in order to maintain 
the exact bonding conditions throughout the study. 
5.2.4.2 Pair bonding process and tensile strength testing 
Figures 5-1 and 5-2 illustrate both the procedure for pair bonding as well as the samples 
preparation for tensile strength testing where: 
 
1- A single wool fibre and a single nylon fibre were placed crosswise on a punched 
card at an angle of 45º, Fig. 5-1 
2- To ensure that there was sufficient pressure at the crossover point, the nylon fibre 
was first placed on the card, (0.191 mm thick), so that both ends were over the 
upper side of the card as shown in Fig. 5.-1; as a result the whole length of the fibre 
was visible on the top side of the card 
3- Contrarily to the nylon fibre, the wool fibre was placed in a way where both ends of 
the fibre ended on the bottom side of the card while the portion which was visible 
through the punched hole was passed over the nylon fibre as shown in Fig. 5-1. The 
arrangement is quite similar to a plain weave 
4- The ends of both fibres were held securely in place by gluing them onto both ends 
of the card 
5- It has to be noted that although the placing of the fibres on the supporting cards was 
done manually, a lot of training has gone into ensuring that every single fibre was 
put approximately under the same tension as the rest of the fibres 
6- The card was then mounted inside the bonding chamber and subjected to the 
desired temperature and dwell time (not shown) 
7- Afterwards the card was lifted outside the bonding chamber and placed in between 
the two crossheads of the tensile tester, Fig. 5-2 (A). Once the card was secured in 
between the tensile tester crossheads, one end of each fibre was cut in order to exert 
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the tensile force on the bond itself, Fig. 5-2 (B). Finally the sides of the card were 
cut, Fig. 5-2 (C), and the test was conducted, Fig. 5-2 (D) 
 
 
Figure  5-1  Placement of the to be bonded fibres on the card 
 
Figure  5-2  Pair bonding tensile testing 
5.2.5 Tests for evaluation of samples 
5.2.5.1 Pair bonding tensile strength test 
Different samples were tested on the Instron Series IX Automated material testing system, 
to determine their tensile strength. The tests were carried out according to                       
ISO 9073-3:1989 [92] and under the standard atmosphere according to ISO 139 [93]. The 
length of the test sample across the punched hole was 16mm. So the actual tested sample 
length was 16mm as the fibres were glued directly on the perimeter of the punched hole. 
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The grip distance was 30 mm in length which was the actual length of the supporting card, 
and the strain rate was 5 mm/min. 
5.2.5.2 Number of bonding points 
A simple method was devised to estimate the number of bonding points achieved by each 
treatment type and dwell time. This has been achieved by counting the number of pair 
bonded samples that could actually withstand the preparation method for tensile testing, 
mentioned in section 5.2.4.2, without the bond failing in any of the preparation steps. And 
as the total number of samples for each wool type was 20, the number of bonds was 
expressed in number of successful bonds per 20 trials. 
5.2.5.3 Scanning electron microscopy 
A Philips FEI/XL30 scanning electron microscope (SEM) was used to examine the 
samples. The microscope was operated in normal SE (secondary electron) mode for 
analyzing the topography of the fibres. All samples were gold coated on a gold sputter 
apparatus prior to testing to improve conductivity. 
5.2.6 Results 
5.2.6.1 Pair bonding tensile strength 
Table 5-3 lists the tensile strength results for wool/nylon pair bonded samples. Each of the 
chlorinated, plasma, and Hercosett treated pair bonded samples were bonded at 160ºC for 
30, 60, and 90 seconds. 
 
This test was performed to investigate the relation between dwell times and bond strength 
for each of the wool types. Moreover, those results were compared to the bond tensile 
strength results of the nylon/nylon pair bonded samples. In general, 60 seconds dwell time 
seemed to score the highest bond tensile strength results for all wool/nylon pair bonded 
samples, with Hercosett/nylon samples scoring the highest bond tensile strength of them 
all. Moreover nylon/nylon bond tensile strength results were considerably higher than that 
of the wool/nylon samples. 
 
From Table 5-3, it can be noticed that the number of samples for each type and dwell time 
are not equal. The difference in number of samples was due to the fact that not all bonded 
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samples could be tested for bond strength as discussed in section 5.2.5.2. Hence, this 
number reflects the actual tested pair bonded samples out of the 20 prepared samples. 
 
Table  5-3  Tensile strength results of pair bonding at different dwell times 
Fibre type 
  Dwell time 
(sec) 
Number of 
bonds/20 trials 
Breaking load 
(cN)) 
30 6 0.69 
60 12 1.24 
Chlorinated wool/nylon 
  
  
90 8 0.87 
30 6 0.89 
60 16 1.51 
Plasma wool/nylon 
  
  
 
90 8 1.09 
30 8 1.33 
60 18 2.33 
Hercosett wool/nylon 
  
  
90 10 1.58 
30 8 3.97 
60 19 4.30 
nylon/ylon 
  
90 10 4.66 
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Comparably, Fig. 5-3 plots the relationship between bond strength and dwell time for the 
aforementioned fibre types. 
 
Figure  5-3  Relation between dwell time and tensile strength for pair bonding 
ANOVA was used to explore the significance of the relation between dwell times and bond 
tensile strength for each fibre type. In this test, the relation proved significant if P value 
was ≤ 0.05, as the confidence level was set to 95%. The results are listed in Table 5-4. 
Time was the independent factor for this test and bond tensile strength for each fibre type 
was the dependant trait. This test was only capable of stating that different dwell times 
have a significant effect on the bond strength. What it lacked was the ability to tell which 
of the wool treatments produced the most significant change in bond strength results within 
each dwell time. Accordingly, another ANOVA test, Table 5-5 was designed to 
specifically achieve that goal. It was designed in such a way, where the independent factor 
was the fibre type, and the dependant property was the bond tensile strength within each 
dwell time. At this stage it was clear that fibre types did have a significant effect on the 
tensile strength of the bonds at each dwell time as P was less than 0.05, but it was not clear 
which fibre type had the most effect at each dwell. For that particular reason, the ANOVA 
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test was followed by a multiple comparisons test. The aim of this test was to specifically 
find out which fibre type induced the most significant change in bond tensile strength in 
each dwell time in comparison to the other fibre types, as shown in Table A-2 Appendix A. 
Table  5-4  ANOVA for significance of dwell times on bond tensile strength for each fibre type 
Fibre type 
 
df F P 
Between Groups 2 4.831 .018 
Within Groups 23   
Chlorinated wool/nylon 
  
  Total 25   
Between Groups 2 5.909 .007 
Within Groups 27   
Plasma wool/nylon 
  
  Total 29   
Between Groups 2 12.512 .000 
Within Groups 33   
Hercosett wool/nylon 
  
  Total 35   
Between Groups 2 1.067 .355 
Within Groups 34   
nylon/nylon 
  
  
Total 36   
 
Table  5-5  ANOVA for significance of fibre type on fibre tensile strength for each dwell time 
  df F P 
Between Groups 3 93.868 .000 
Within Groups 24   
30s 
Total 27   
Between Groups 3 67.105 .000 
Within Groups 61   
60s 
Total 64   
Between Groups 3 52.231 .000 
Within Groups 32   
90s 
Total 35   
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5.2.6.2 Number of bonding points 
Fig. 5-4 plots the relationship between dwell times and the number of bonds per 20 trials 
for each type of wool surface modification treatment.  
 
The number of bonds was derived from the number of pair bonded samples that could 
actually be tested for bond strength without failing in one way or another prior to that test. 
Accordingly, this plot is the graphical representation of the number of samples listed in 
Table 5-3.  
 
Figure  5-4  No. of bonds for pair bonding/20 trials at different dwell times 
5.2.6.3 SEM of pair bonding 
Fig. 5-5 illustrates the similarity of bond shape of Hercosett wool/nylon fibre and 
nylon/nylon fibre. Fig 5-5 (A), implied that the bond between wool and nylon was only a 
surface bond. On the other hand, bond shape of nylon/nylon samples, as shown in           
Fig 5-5 (B), clearly indicated that there was a complete fusion, at least on the sheath level, 
between the two bonded nylon fibres. In addition, Fig. 5-6 depicts the difference in bond 
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shape after bond failure, where image (A) shows a failed wool/nylon bond, as traces of the 
wool scales were visible as an imprint on the nylon fibre. Contrarily, image (B) shows a 
failed nylon/nylon bond as the surface of the nylon fibre was quite smooth with no traces 
of imprinted wool scales. It is worth mentioning that all SEM images were taken from 3D 
shell structures which are discussed in chapter 7 to give an actual representation of the 
bond shape itself.  
 
  
Figure  5-5  Bond shape of (A) wool/nylon and (B) nylon/nylon 
  
Figure  5-6  Bond failure of (A) wool/nylon and (B) nylon/nylon 
5.2.7 Discussion 
5.2.7.1 Pair bonding tensile strength and number of bonding 
points 
From Tables 5-3 and 5-4 and Figures 5-3 to 5-6 the following can be concluded: 
 
1- The highest tensile strength for bonding was at 60 seconds for all samples 
regardless of the treatment itself. Hercosett treated samples achieved the highest 
(A) (B) 
(A) (B) 
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bonding strength, followed by plasma treated samples and chlorinated samples 
respectively. On the other hand, the lowest bonding strength was at 30 seconds for 
all treated samples, with chlorinated samples scoring the lowest bonding strength, 
followed by plasma and Hercosett treated samples respectively. At 90 seconds, the 
bonding strength was marginally higher than that managed by the 30 seconds dwell 
time. For this particular dwell time Hercosett treated samples attained the highest 
bonding strength, followed by plasma and chlorinated samples respectively. 
Oppositely, results for nylon/nylon pair bonding did not follow the trend of 
wool/nylon bonding, which meant that the highest tensile strength was at 90 
seconds rather than 60 seconds dwell time, and the lowest tensile strength was at 30 
seconds mimicking the results of wool/nylon. Nylon/nylon strongest bond was 
nearly twice as strong as the strongest bond in Hercosett/nylon samples, which was 
the best performer in the wool/nylon group 
2- The aforementioned results were also backed up by the ANOVA results listed in 
Table 5-4, which suggested that different dwell times have an impact on bonding 
strength for each of the wool treatments. Moreover, from the multiple comparisons 
results listed in Table A-2 Appendix A, it was clear that nylon/nylon pair bonded 
samples produced the most significant change in bond tensile strength results 
among all pair bonded samples. This might be attributed to the clearly stronger 
bonds of the nylon/nylon samples when compared to wool/nylon samples as 
discussed above. Moreover, at 60 seconds dwell time Hercosett/nylon pair bonded 
samples proved to produce the most significant change in bond tensile strength 
results, when compared to all other wool treatments because of its superior bonding 
performance with nylon fibres as discussed earlier 
3- The highest number of bonding points for wool/nylon samples was again produced 
by the Hercosett treated samples when bonded for 60 seconds and resulted in 18 
successful bonds out of 20 trials. Plasma treated samples followed closely with 16 
successful bonds, and finally chlorinated samples achieved 12 successful bonds out 
of 20 trials. Contrarily, the lowest number of bonding points was at 30 seconds for 
both chlorinated and plasma samples each at 3 bonding points out of 20 trials. 
Hercosett was marginally better at 4 bonding points out of 20 trials. Moreover, at 
90 seconds the number of bonding points was only increased by one point for all 
sample types. As for nylon/nylon, the highest number of bonding points was at 60 
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seconds dwell time with 19 points/20 trials, and the lowest was at 30 seconds 
reaching a low of 8 points 
4- It was suggested [32] that complete masking of wool scales by the cationic (PAE) 
polymer was the reason for better bonding performance in the Hercosett wool 
samples due to high polarity and chemical compatibility with nylon fibres which 
was translated into more bonding points as well as higher bonding strength as 
demonstrated in the pair bonding results when compared to all other treatments. 
Also it was suggested [33, 39] that polar O2 atoms and grooves created by plasma 
treatment on the wool surface promoted better adhesion due to higher surface 
energy and a rougher surface. Lastly although chlorination raises the surface 
activity of wool fibres, it was believed [32] that the degradation of the cuticle 
brought by the chlorination process has led to a smoother outer surface, which may 
hinder the formation of a strong bonding point when compared to plasma treatment. 
5- The results of low bonding strength and low number of bonding points for all 
samples at 30 seconds compared to 60 seconds dwell time implied that 30 seconds 
dwell time was not enough to achieve proper melting and flow of the nylon fibre 
sheath and hence no proper bonding was realized. Furthermore, although the results 
for both bonding strength and bonding points at 90 seconds were quite close when 
compared to the results at 30 seconds, the reason for it is thought to be different, as 
prolonged dwell time is thought to cause fibre degradation as revealed earlier in 
Table 4-4 chapter 4 and hence the premature failure of the bonds 
6- The increase in bonding strength in nylon/nylon pair bonded fibres, although not 
significant, did not seem to contradict with decrease in the nylon fibre’s strength, 
because with the increase of bond strength there is a decrease in the fibre strength 
(to a certain limit, after which the bonds fail completely due to fibre degradation) 
[100, 101]. Another contradicting result was that 90 seconds dwell time for 
nylon/nylon samples yielded the highest tensile strength of bonds, which was not 
true for the nylon/wool samples. The explanation for this contradiction seemed to 
lie in the bonding pattern itself. In the nylon/nylon case, supported by the SEM 
images Fig. 5-5 (B), both successfully bonded fibres melted and fused together at 
least at the sheath level and became one entity. On the other hand, the wool/nylon 
bonding pattern appeared to be totally different, Fig. 5-4 (A), as it appeared to be 
only surface bonding or fusion, where the molten nylon polymer flowed over the 
outer surface of the wool fibre and presumably resulted in surface bonding 
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7- It is safe to say that the bonding interface after bond failure differs completely 
according to the types of fibres sharing this bond. In the case of the wool/nylon 
bond, the wool fibre left a clear imprint of its scale on the nylon fibre, and the 
resulting area was nearly the same size as the debonded wool fibre, Fig. 5-6 (A). 
On the other hand the failed bonding interface for the nylon/nylon variant had a 
smooth raised outer lip and a narrow hollow space in the middle, as shown in     
Fig. 5-6 (B). Conversely to the dissimilarity of the bond shape after failure for 
wool/nylon and nylon/nylon bonding attempts, formed bonds between wool/nylon 
and nylon/nylon prior to failure, Fig. 5-5 (A) and (B), appeared to share the same 
bond shape. This seemed to be resulting from the nylon polymer flow caused by the 
softening and melting of the nylon sheath. As the sheath starts to melt, the molten 
polymer starts to flow and then accumulates and spreads on the other fibre, giving 
rise to this distinct bond shape in both cases 
8- Lastly, it has to be pointed out that no results for untreated wool/nylon pair bonding 
are presented due to the failure of all attempts to bond them 
5.2.8 Summary 
Generally speaking, all chosen wool surface modification treatments led to an 
improvement in the ability of wool fibres to thermobond with nylon fibres compared to the 
untreated wool fibres which did not seem to be able to form any kind of bonds with nylon 
fibres. Of all treatments, the Hercosett treatment scored the best results for bond tensile 
strength as well as the number of bonding points across the whole dwell time range, 
peaking at 60 seconds dwell time. When comparing the bond strength of the plasma treated 
samples with that of the chlorinated treated samples it was revealed that plasma treated 
samples yielded stronger bonds than those of the chlorinated samples. This was not true for 
the number of bonding points as generally both of them managed to account for the same 
number of bonding points at both 30 and 90 seconds dwell times, with plasma treated 
samples only marginally higher at 60 seconds dwell time. The more satisfactory bonding 
strength and number of bonding points of Hercosett treated wool fibres is thought to be a 
result of the complete masking of wool scales by the cationic (PAE) polymer which made 
the wool fibres highly polar and chemically compatible with nylon fibres. Moreover, 
although the shape of the bonding points for the pair bonded wool/nylon fibres showed a 
great resemblance to that of the nylon/nylon ones, the debonded bonding points of both 
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variants seemed to be quite different in shape, arguably because of the way the bond was 
formed in the first place due to the difference in nature between both fibres. The 
distinctness between nylon/nylon and wool/nylon bonds presumably has arisen from the 
complete melting and fusing of the sheath of both bonded nylon fibres, whereas wool 
fibres only seemed to form surface bonds with the molten sheath of the nylon fibre. 
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Chapter 6 Effect of wrapping and bonding 
angle on pair bonding tensile strength and 
number of bonds 
 
6.1 Introduction 
Although it was demonstrated in the previous chapter that different wool surface 
modification treatments have a positive effect on bond formation between wool and nylon 
fibres, there was an uncertainty about the reasons that caused a certain dwell time, namely 
60 seconds, to perform better in bond tensile strength as well as in the formation of 
bonding points. In addition, it was not clear what effect the wrapping angle and bonding 
angle have on the bond tensile strength and number of bonding points. Accordingly this 
chapter was dedicated to the study of each of these variables and their effects on the 
aforementioned results. Moreover as the Hercosett/nylon pair bonded samples achieved the 
best results for both bond strength and number of bonding points, they were chosen at this 
stage to be the focus of the study. 
6.2 Experimental 
6.2.1 Fibre types 
Two types of fibres were chosen for this stage of experimentation as follows: 
 
1- 20.5 micron Hercosett treated Australian Merino wool tops (Wh) 
2- 3.3 dtex and 220/115ºC core/sheath melting point bicomponent nylon               
fibres (BA115) 
6.2.2 Technical parameters 
Table 6-1 lists the different parameters used for sample production. 
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Table  6-1  Technical parameters of pair bonded samples 
Temperature 
(ºC) 160 
Dwell time 
(sec) 30 60 90 
Wh 
Fibre type 
BA115 
Wh = Hercosett wool, and BA115 = nylon fibre 
6.2.3 Process parameters of test samples 
Table 6-2 lists test samples parameters for Hercosett wool/nylon pair bonded samples. 
Table  6-2  Pair bonding process parameters 
Sample 
no. 
Raw 
Material 
Bonding 
Fibre 
Type 
Bi or 
Mono 
Dwell 
Time 
(sec) 
Bonding 
Angleº 
Card 
type 
Temperature 
(± 5°C)  
TN1 45 
TN2 
BA115/Wh BA115 Bi 30 
90 
Thin 
TH1 30 
TH2 45 
Th3 
BA115/Wh BA115 Bi 30 
90 
Thick 
TN3 45 
TN4 
BA115/Wh BA115 Bi 60 
90 
Thin 
TH4 30 
TH5 45 
TH6 
BA115/Wh BA115 Bi 60 
90 
Thick 
TN5 45 
TN6 
BA115/Wh BA115 Bi 90 
90 
Thin 
TH7 30 
TH8 45 
TH9 
BA115/Wh BA115 Bi 90 
90 
Thick 
160 
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6.2.4 Equipment and processes 
6.2.4.1 Equipment 
As this chapter was a continuation of the work carried out in Chapter 5, the same bonding 
chamber, previously detailed in Chapter 3 section 3.5.1.3, was used to accomplish the 
bonding between the wool and nylon fibres. 
6.2.4.2 Pair bonding process and tensile strength testing 
The processes used for pair bonding and tensile strength testing in this chapter mainly 
resembled the previously mentioned method used for the preparation of the pair bonded 
samples in chapter 5 section 5.2.4.2, with the exception of the following: 
 
1- Three bonding angles of 30º, 45º and 90º, Fig. 6-1, were used to bond the wool and 
nylon fibres instead of the 45º which was used solely in chapter 5. The different 
bonding angles were meant to clarify the role that bonding angles have on the 
tensile strength as well as on the numbers of bonding points 
2- Two different card types were used in mounting the fibres. The difference between 
the two card types was in their thicknesses as one was 0.191 mm (thin card) and the 
other card was 0.533 mm (thick card). The variation in card thickness was intended 
for the study of the wrapping angle and its effect on the studied properties 
 
     
Figure  6-1  30º, 45º and 90º bonding angles 
6.2.4.2.1 Wrapping angle calculation 
As mentioned earlier, it was suggested that changing the wrapping angle                              
(the angle at which one fibre wraps over the other fibre when crossed over each other), will 
have an effect on the tensile strength and number of bonding points in case of pair 
bonding. In order to calculate the wrapping angle, fibres were mounted according to the 
method described in section 5.2.4.2, with the only difference being the card thickness, as 
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two different card thicknesses of 0.191 mm (thin card) and 0.533 mm (thick card) were 
used as mentioned in section 6.2.4.2. Assuming that both fibres are equally tensioned, the 
following simple geometrical model was proposed to calculate the wrapping angle,        
Fig. 6-2. 
 
 
 
 
 
 
 
Figure  6-2  Calculation of wrapping angle 
Where: 
L = Fibre length across the punched hole (mm) 
T = Thick card thickness (mm) 
T’ = Thin card thickness (mm) 
Wth1 + Wth2 = Wth wrapping angle for thick card (Deg) 
Wtn1 + Wtn1 = Wtn Wrapping angle for thin card (Deg) 
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To find the wrapping angle the following equation was proposed: 
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Accordingly, the wrapping angle for fibres mounted on thick card was calculated as 
follows: 
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Likewise, the wrapping angle for fibres mounted on thin card was calculated as follows: 
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6.3 Results 
6.3.1 Pair bonding tensile strength 
Table 6-3 lists the tensile strength results of pair bonded Hercosett/nylon fibres. The 
aforementioned fibres were bonded at 160ºC for 30, 60, and 90 seconds dwell time 
mounted on two different types of cards, a thin and a thick card. The concept behind 
mounting fibres on two card types, namely a thin and a thick card, was to examine if 
wrapping angles, caused by mounting on different cards, have any effect on the bond 
strength or not. And if they have, is it a positive or a negative effect. Moreover, the 
outcome of bonding with two more bonding angles of 30º and 90º in addition to the 45º, 
previously mentioned in chapter 5, was further investigated to determine the effect of 
bonding angles on the bond strength of the pair bonded samples. According to the results, 
there was a big difference in bond tensile strength between samples bonded at 90º bonding 
angle, and that of samples bonded at 30º and 45º. 
Table  6-3  Tensile strength results of Hercosett wool/nylon at different bonding configurations 
Fibre type Dwell time 
(sec) 
Number of 
bonds/20 trials 
Breaking load 
(cN) 
30 8 1.33 
60 18 2.33 
Hercosett wool thin card 45° pair 
bonding 
9 10 1.58 
30 10 1.51 
60 19 2.59 
Hercosett wool thick card 45 pair 
bonding 
90 19 1.78 
30 3 0.49 
60 8 0.63 
Hercosett wool thin card 90° pair 
bonding 
90 4 0.54 
30 10 0.65 
60 16 0.67 
Hercosett wool thick card 90° pair 
bonding 
90 15 0.64 
30 10 1.30 
60 17 2.37 
Hercosett wool thick card 30° pair 
bonding 
90 19 1.62 
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Fig. 6-3 plots the relation between dwell time and tensile strength for Hercosett wool/nylon 
pair bonding at different bonding angles and wrapping angles.  
 
 
Figure  6-3  Relation between dwell time and breaking load for Hercosett/nylon pair bonding at 
different bonding configurations 
The significance of the relation between dwell times and bond tensile strength for each 
type of bonding configuration was achieved by means of analysis of variance test 
(ANOVA), as shown in Table 6-4. Bond tensile strength for each bonding configurations 
were regarded as the dependent property, while dwell time on the other hand was the 
independent factor. The confidence level was set at 95%, and accordingly any results that 
scored 0.05 or less were significant. Results revealed that dwell times indeed resulted in 
significant change in the bond tensile strength for a few of the bonding configurations. 
From the outcome of this test it was impossible to tell which of the bonding configurations 
resulted in significantly different bond tensile strength results, within each dwell time. 
Thus, another (ANOVA) test was designed where the independent factor was the fibre 
type, and the dependant property was the bonds tensile strength within each dwell time. 
The results listed in Table 6-5 implied that different bonding configurations produced a 
significant change in bond tensile strength at each dwell time as P value was less than 0.05. 
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To know specifically which of the bonding configurations produced significantly different 
bond tensile strength results than the other configurations at each dwell time, a multiple 
comparisons test was performed with the out come listed in Table A-3, Appendix A. 
Table  6-4  ANOVA for significance of dwell times on bond tensile strength for each bonding 
configuration 
 
df F P 
Between Groups 2 12.512 .000 
Within Groups 33   
Hercosett Wool thin card 
45 pair bonding 
Total 35   
Between Groups 2 13.685 .000 
Within Groups 45   
Hercosett Wool thick card 
45 pair bonding 
Total 47   
Between Groups 2 2.651 .111 
Within Groups 12   
Hercosett Wool thin card 
90 pair bonding 
Total 14   
Between Groups 2 .185 .832 
Within Groups 38   
Hercosett Wool thick card 
90 pair bonding 
Total 40   
Between Groups 2 15.164 .000 
Within Groups 43   
Hercosett Wool thick card 
30 pair bonding 
Total 45   
 
Table  6-5  ANOVA for significance of fibre bonding configurations on bond tensile strength for each 
dwell time 
  df F P 
Between Groups 4 6.766 .000 
Within Groups 36   
30s 
Total 40   
Between Groups 4 48.970 .000 
Within Groups 73   
60s 
Total 77   
Between Groups 4 22.071 .000 
Within Groups 62   
90s 
Total 66   
 
6.3.2 Wrapping angle 
Table 6-6 lists the results for the wrapping angle based on the method discussed in         
section 6.2.4.2.1 
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Table  6-6 Wrapping angle for thick and thin card 
Wrapping angle thick card Wrapping angle thin card 
3.8º 1.4º 
6.3.3 Number of bonds 
Fig. 6-4 plots the relationship between dwell time and number of bonds/20 trials for      
Hercosett wool/nylon pair bonded samples. These samples were bonded on both thin and 
thick card at 30º, 45º, and 90º to evaluate both the effect of wrapping angle and bonding 
angle on the number of bonding points. The number of bonds was calculated according to 
the concept detailed in section 5.2.5.2, where the number of bonds corresponds to the 
actual number of pair bonded samples that were physically tested for tensile strength, and 
not to the actual number of bonded samples, which were 20 samples. The graph indicated 
that increasing the card thickness seemed to produce a positive effect in the number of 
bonds for all samples, especially those bonded at 90º bonding angle. 
 
 
Figure  6-4  Number of bonds for Hercosett/nylon pair bonding/20 trials  
at different bonding configurations 
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6.3.4 Tensile strength of single fibres 
Results for tensile strength of Hercosett wool and nylon single fibres which were subjected 
to 0, 30, 60 and 90 seconds dwell time at 160ºC are listed in Table 6-7.  
 
These figures are the same as the ones listed previously in Table 4-4, but were filtered to 
include only results of Hercosett and nylon single fibres as this chapter was mainly 
dedicated to the study of Hercosett wool and nylon pair bonded samples. 
 
Table  6-7  Tensile strength results for Hercosett wool and nylon single fibres at different dwell times 
Fibre type 
Dwell time 
(sec) Number of samples 
Tenacity 
(cN/dtex) 
0 1.64 
30 1.60 
60 1.59 
Untreated Wool 
 
 
 
90 
20 
1.62 
0 1.26 
30 1.25 
60 1.22 
Chlorinated Wool 
 
 
 
90 
20 
1.17 
0 1.61 
30 1.51 
60 1.61 
Plasma Wool 
 
 
 
90 
20 
1.54 
0 1.50 
30 1.53 
60 1.48 
Hercosett Wool 
 
 
 90 
20 
1.57 
0 2.72 
30 2.53 
60 2.16 
Nylon 
 
 
 90 
20 
1.93 
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6.3.5 Pair bonding SEM 
This section was dedicated to the study of SEM images of Hercosett/nylon pair bonded 
samples. The influence of the different bonding configurations on the shape of the bond 
and the extent of nylon polymer flow were the main points of interest of this examination. 
 
It has to be noted that all SEM images were taken at two magnification levels as follows:  
 
1. low magnification, which was intended for general inspection of the bonding 
arrangement 
2. High magnification, which was devoted for the close inspection of the bond shape 
of wool and nylon fibres 
 
To study the SEM images of the pair bonded samples they were grouped as follows:  
 
1- 30 seconds dwell time bonded at: 
- 30º bonding angle, on thin and thick card 
- 45º bonding angle, on thin and thick card 
- 90º bonding angle, on thin and thick card 
 
2- 60 seconds dwell time bonded at: 
- 30º bonding angle, on thin and thick card 
- 45º bonding angle, on thin and thick card 
- 90º bonding angle, on thin and thick card 
 
3- 90 seconds dwell time bonded at: 
- 30º bonding angle, on thin and thick card 
- 45º bonding angle, on thin and thick card 
- 90º bonding angle, on thin and thick card 
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6.3.5.1 30 seconds Hercosett wool/nylon pair bonding 
6.3.5.1.1 30º bonding angle 
Fig. 6-5 shows SEM images of Hercosett wool/nylon pair bonded samples, bonded at an 
angle of 30º for 30 seconds, where images (A) and (B) show an image of pair bonded 
samples mounted on thin card while images (C) and (D) represents attempts of pair 
bonding on thick card. Low nylon polymer flow and minimal polymer bridging in-between 
the space created by the intersection of the two fibres were the main observations for this 
set of images. 
 
  
  
Figure  6-5  SEM images of pair bonded Hercosett wool/nylon samples bonded at 30º bonding angle 
and 30 seconds dwell time 
A) High magnification of pair bonded samples mounted on thin card 
                              B) Low magnification of pair bonded samples mounted on thin card 
                              C) High magnification of pair bonded samples mounted on thick card 
                              D) Low magnification of pair bonded samples mounted on thick card 
 
(A) (B) 
(C) (D) 
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6.3.5.1.2 45º bonding angle 
Pair bonded Hercosett wool/nylon samples, bonded at an angle of 45º for 30 seconds are 
illustrated in Fig. 6-6. In this context, images (A) and (B) portray examples of pair bonded 
Hercosett wool/nylon samples bonded with the help of a thin card. Both images (C) and 
(D), display pair bonding on thick card for the same bonding variables. Although this 
bonding configuration shares the low polymer flow of the 30º samples, it seems that this 
configuration favours some sort of polymer bridging when compared to the 30º sample. 
 
  
  
Figure  6-6  SEM images of pair bonded Hercosett wool/nylon samples bonded at 45º bonding angle 
and 30 seconds dwell time 
A) High magnification of pair bonded samples mounted on thin card 
                              B) Low magnification of pair bonded samples mounted on thin card 
                              C) High magnification of pair bonded samples mounted on thick card 
                              D) Low magnification of pair bonded samples mounted on thick card 
 
(A) (B) 
(C) (D) 
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6.3.5.1.3 90º bonding angle 
Samples of pair bonded Hercosett wool/nylon, subjected to a dwell time of 30 seconds and 
bonded at an angle of 90º are depicted in Fig. 6-7. Images (A) and (B) represent those pair 
bonded samples bonded on thin card, whereas images (C) and (D) represent Hercosett 
wool/nylon samples bonded on thick card. From this group of images, it can be perceived 
that in addition to the poor polymer flow, the bond was localised at the cross over points, 
created by the intersection of the wool and nylon fibres, coupled with the absence of any 
polymer bridging. 
 
  
  
Figure  6-7  SEM images of pair bonded Hercosett wool/nylon samples bonded at 90º bonding angle 
and 30 seconds dwell time 
A) High magnification of pair bonded samples mounted on thin card 
                              B) Low magnification of pair bonded samples mounted on thin card 
                              C) High magnification of pair bonded samples mounted on thick card 
                              D) Low magnification of pair bonded samples mounted on thick card 
 
(A) (B) 
(C) (D) 
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6.3.5.2 60 seconds Hercosett wool/nylon pair bonding 
6.3.5.2.1 30º bonding angle 
SEM images of Hercosett/nylon pair bonded samples are pictured in Fig. 6-8, where the 
samples have been bonded at an angle of 30º for 60 seconds. Pair bonded Hercosett 
wool/nylon samples mounted on thin card are shown in images (A) and (B) and Hercosett 
wool/nylon samples mounted on thick cards are shown in images (C) and (D). Compared 
to comparable 30 seconds samples, 60 seconds dwell time led to better polymer flow. In 
addition, polymer bridging appeared to be much more developed than that of the 30 
seconds samples. 
 
   
  
Figure  6-8  SEM images of pair bonded Hercosett wool/nylon samples bonded at 30º bonding angle 
and 60 seconds dwell time 
A) High magnification of pair bonded samples mounted on thin card 
                              B) Low magnification of pair bonded samples mounted on thin card 
                              C) High magnification of pair bonded samples mounted on thick card 
                              D) Low magnification of pair bonded samples mounted on thick card 
 
(A) (B) 
(C) (D) 
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6.3.5.2.2 45º bonding angle 
Pair bonded SEM images of Hercosett wool/nylon fibres mounted on thin card are shown 
in Fig. 6-9 (A) and (B), while images (C) and (D) depict Hercosett wool/nylon samples 
mounted on thick cards. All pair bonded samples were bonded for 60 seconds at an angle 
of 45º. The main improvement for this group of samples compared to the same bonding 
configuration bonded for 30 seconds, seemed to be the much more enhanced polymer flow 
and bridging as clearly observed in images (C, D). 
 
  
  
Figure  6-9  SEM images of pair bonded Hercosett wool/nylon samples bonded at 45º bonding angle 
and 60 seconds dwell time 
A) High magnification of pair bonded samples mounted on thin card 
                              B) Low magnification of pair bonded samples mounted on thin card 
                              C) High magnification of pair bonded samples mounted on thick card 
                              D) Low magnification of pair bonded samples mounted on thick card 
 
(D) (C) 
(B) (A) 
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6.3.5.2.3 90º bonding angle 
SEM images (A) and (B) represented in Fig. 6-10 show pair bonded Hercosett/nylon 
samples which were mounted on thin card and bonded for 60 seconds at a bonding angle of 
90º. Similarly SEM images of pair bonded Hercosett wool/nylon fibres mounted on thick 
card are shown in Fig. 6-9 (A) and (B) with the same bonding configuration of 60 seconds 
dwell time and 90º bonding angle. Again, this bonding configuration resulted in a much 
localised bonding, which largely resembled what was achieved by the corresponding 30 
seconds samples. 
 
  
  
Figure  6-10  SEM images of pair bonded Hercosett wool/nylon samples bonded at 90º bonding angle 
and 60 seconds dwell time 
A) High magnification of pair bonded samples mounted on thin card 
                              B) Low magnification of pair bonded samples mounted on thin card 
                              C) High magnification of pair bonded samples mounted on thick card 
                              D) Low magnification of pair bonded samples mounted on thick card 
 
(A) (B) 
(C) (D) 
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6.3.5.3 90 seconds Hercosett wool/nylon pair bonding 
6.3.5.3.1 30º bonding angle 
Examples of pair bonded Hercosett wool/nylon samples are demonstrated in Fig. 6-11. 
SEM images (A) and (B) were pair bonded samples mounted on thin card and bonded for 
30 seconds at an angle of 30º, whereas images (C) and (D) depict pair bonded samples 
bonded with the same dwell time and bonding angle but mounted on thick card. In this set 
of images, polymer flow seemed to be on par to what was achieved by the 30º samples 
bonded for 60 seconds. Accordingly, this meant that polymer flow and bridging were 
better than that of the corresponding 30 seconds samples. 
 
  
  
Figure  6-11  SEM images of pair bonded Hercosett wool/nylon samples bonded at 30º bonding angle 
and 90 seconds dwell time 
A) High magnification of pair bonded samples mounted on thin card 
                              B) Low magnification of pair bonded samples mounted on thin card 
                              C) High magnification of pair bonded samples mounted on thick card 
                              D) Low magnification of pair bonded samples mounted on thick card 
 
(A) (B) 
(C) (D) 
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6.3.5.3.2 45º bonding angle 
Images of (A) and (B), (C) and (D) shown in Fig. 6-12 were exemplars of pair bonded 
Hercosett/nylon samples, bonded for 90 seconds at a bonding angle of 45º. The first pair of 
images exhibits those samples mounted on thin card, while the second pair represents those 
Hercosett wool/nylon samples mounted on thick card. Once more, the polymer flow as 
well as polymer bridging seemed more developed when compared to what was 
accomplished by the analogous samples bonded for 30 seconds, and akin to samples 
bonded for 60 seconds. 
 
  
  
Figure  6-12  SEM images of pair bonded Hercosett wool/nylon samples bonded at 45º bonding angle 
and 90 seconds dwell time 
A) High magnification of pair bonded samples mounted on thin card 
                              B) Low magnification of pair bonded samples mounted on thin card 
                              C) High magnification of pair bonded samples mounted on thick card 
                              D) Low magnification of pair bonded samples mounted on thick card 
 
(A) (B) 
(C) (D) 
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6.3.5.3.3 90º bonding angle 
Hercosett wool/nylon pair bonded samples mounted on thin card and thick card are 
pictured in Fig. 6-13 images (A) and (B), (C) and (D) respectively. All samples were 
bonded at a bonding angle of 90º and 90 seconds dwell time. Akin to the bonding pattern 
of the 30 and 60 seconds samples bonded with the same bonding angle, bonding was 
localised at the crossover points of the wool and nylon fibres, with no polymer bridging at 
all. 
 
  
  
Figure  6-13  SEM images of pair bonded Hercosett wool/nylon samples bonded at 90º bonding angle 
and 90 seconds dwell time 
A) High magnification of pair bonded samples mounted on thin card 
                              B) Low magnification of pair bonded samples mounted on thin card 
                              C) High magnification of pair bonded samples mounted on thick card 
                              D) Low magnification of pair bonded samples mounted on thick card 
 
(A) (B) 
(C) (D) 
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6.4 Discussion 
6.4.1 Samples bonded at 45 bonding angle 
6.4.1.1 Thin card 
Examination of the results of pair bonding tensile strength and number of bonds for 
Hercosett wool/nylon samples bonded on thin card and 45° bonding angle were the main 
aims of this section. The results for this specific configuration were mentioned previously 
in chapter 5 section 5.2.6.1, but in that particular section all wool treatments were included 
in the discussion. Accordingly, only results that are related to the Hercosett treated pair 
bonded samples, supported by the complementing SEM images for the same bonding 
configuration, are discussed here. 
 
By reviewing Figures 6-3 and 6-4, and Tables 6-3 to 6-7 the following was concluded: 
 
1- The highest bonding tensile strength for pair bonded Hercosett wool/nylon samples 
was at a dwell time of 60 seconds, followed by 90 and 30 seconds dwell time 
respectively 
2- ANOVA analysis, listed in Table 6-4, backed up the results that suggested different 
dwell times have an effect on bonding tensile strength for the 45° thin card bonding 
configurations as their P value was < 0.05 
3- Number of bonding points was again at its highest at 60 second dwell time with a 
score of 18 bonding points/20 trials. 30 and 90 seconds dwell times resulted in 8 
and 10 bonding points respectively 
4- As previously mentioned, complete masking of wool scales by the cationic (PAE) 
polymer [32] was believed to be the reason for better bonding performance as well as 
the higher number of bonding points in Hercosett wool samples compared to all other 
treatments. This improvement in both bond tensile strength and number of bonding 
points was thought to be due to high polarity and chemical compatibility with nylon 
fibres 
5- 30 seconds dwell time produced fewer bonding and weaker bonding points 
compared to samples bonded for 60 seconds. This decreased bonding performance 
of the 30 seconds dwell time samples compared to the 60 seconds dwell time 
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samples seemed to be mainly caused by the insufficient nylon sheath flow because 
of the short dwell time. Hence no proper bonding could be achieved at this short 
dwell time 
6- The weak bonding tensile strength at 90 seconds dwell time compared to the 60 
seconds dwell time implied that nylon fibre degradation, due to the prolonged dwell 
time caused bond failure and the low number of bonding points 
7- The previous two assumptions were further confirmed when SEM images Fig. 6-6 
(A, B), Fig. 6-9 (A, B) and Fig. 6-12 (A, B) representing pair bonded Hercosett 
wool/nylon fibres bonded at a bonding angle of 45º and 30, 60 and 90 seconds 
dwell time were compared. The comparison suggested the following: 
- At 30 seconds dwell time, Fig. 6-6 (A, B), the flow of the nylon sheath at 
the cross over point with the wool fibre seemed to be low in comparison 
to both that of 60 seconds dwell time, Fig. 6-9 (A, B), and 90 seconds 
dwell time as shown in Fig. 6-12 (A, B). This indicated that 30 seconds 
dwell time, as proposed before, was not sufficient for proper melting and 
flow of the nylon fibre sheath at the cross over points and thus resulted in 
weak bonding in addition to the low number of bonding points 
- At 60 seconds dwell time, Fig. 6-9 (A, B), it was observed that the nylon 
sheath flow appeared to be better than that of the 30 seconds dwell time 
and comparable to samples bonded for 90 seconds dwell time. The 
improved melting and flow of the nylon fibre sheath was believed to be 
responsible for the better bonding performance compared to the 30 
seconds dwell time pair bonded samples 
- At 90 seconds dwell time, Fig. 6-12 (A, B), the flow of the sheath of the 
nylon fibre at the cross over point seemed to be on a par with what was 
achieved by the 60 seconds dwell time. Contrary to what was implied by 
the SEM images, the results of bonding tensile strength and number of 
bonding points of the 90 seconds dwell time samples were very close to 
that of the 30 seconds dwell time samples rather than the 60 seconds 
samples. This was attributed to the degradation of the nylon fibre, Table 
6-7, with the prolonged dwell time, which seemed to promote premature 
bond failure as well as a low number of bonding points 
 125 
6.4.1.2 Thick card 
When comparing the effects of card thickness on both tensile strength, Fig. 6-3 and Tables 
6-3 and 6-4, and number of bonding points, Fig. 6-4, for Hercosett wool/nylon samples 
bonded at 45° on thick card, with results of the same bonding arrangement bonded on thin 
card, the following was concluded: 
 
1- There was a small increase in the number of bonding points when samples were 
bonded on a thick card, as the number of bonding points increased by 1 to 2 points 
throughout the  range of the dwell time 
2- The pattern for the tensile strength was not changed by using the thick card 
configuration for bonding, as the strongest tensile strength was at 60 seconds dwell 
time while the weakest was at 30 seconds dwell time 
3- Tensile strength increased for all samples bonded on thick cards at 60 seconds 
dwell time and 45° bonding angle compared to the results achieved by samples 
bonded on thin card at the same angle 
4- This increase peaked at 60 seconds with an increase of 11.2 % when compared to 
samples bonded on thin cards 
5- ANOVA analysis, listed in Table 6-4, supported the out come of the tensile 
strength results, which implied that dwell times cause a significant change in the 
bonds tensile strength for that particular bonding configuration 
6- When reviewing SEM images Fig. 6-6 (C, D), Fig. 6-9 (C, D) and Fig. 6-12 (C, D) 
representing samples bonded on thick cards for 30, 60 and 90 seconds respectively, 
it can be concluded that the footprints of the bonded area for all three dwell times 
were generally comparable to those of their counterparts mounted on thin cards. As 
a result, it was suggested that the slight increase in both bonding tensile strength 
and number of bonding points for all samples for that category was presumably due 
to the larger wrapping angle created by bonding with the thick card arrangement, 
Table 6-6. Accordingly the increase was probably initiated by the better initial 
surface contact between wool and nylon fibres at the cross over points due to the 
larger wrapping angle 
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6.4.2 Samples bonded at 90° bonding angle 
Results of 45º pair bonded samples mounted on thin and thick cards were taken as a 
reference for bonding tensile strength and number of bonding points. Accordingly, bonding 
results of samples bonded at 90º, and similarly mounted on thin and thick cards were 
compared to them. The aim of the comparison was to evaluate the effect that different 
wrapping angles and bonding angles have on the two aforementioned results. 
 
By analyzing Figures 6-3 and 6-4, and Tables 6-3 to 6-6, the following was concluded: 
 
1- When compared to samples bonded on thin card at a 45° angle, tensile strength 
results for the thin card bonded at a 90° angle were down by 63% at 30 seconds 
dwell time and 73% at 60 seconds. At 90 seconds the decrease in tensile strength 
was 66% 
2- Results for samples bonded on thick card at 90° did not differ greatly from those of 
thin card at the same angle, as the decrease in tensile strength was at its highest 
value at 60 seconds dwell time, reaching 74%. The decline in bonding strength at 
30 and 90 seconds was 57% and 66% respectively 
3- Generally, the tensile strength for this configuration was very low, and the change 
in dwell times did not produce a meaningful change in the bond tensile strength as 
shown by the ANOVA test results in Table 6-4. As both 90º thin and thick card 
bonding configurations scored a P value greater than 0.05. Moreover, the multiple 
comparisons results, listed in Table A-3 Appendix A, revealed that the most 
significant differences in bond tensile strength between the different bonding 
configurations, were between the 90º pair bonded samples, on thin and thick cards, 
and all other bonding configurations. This was expected as bond tensile strength of 
the 90º bonding configuration was almost the same across the whole range of the 
dwell times, as shown in Table 6-3, in comparison to all other bonding 
configurations, which responded to the change in dwell times by an increase or 
decrease in their bond tensile strength 
4- Compared to tensile strength, the results of the number of bonding points were 
quite different, as the number of bonding points for samples bonded on thick card 
at a 90° angle was much higher than that of thin card at the same angle. As a matter 
of fact, the increase can reach up to nearly 4 fold as observed at 90 seconds dwell 
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time with a score of 15 bonding points compared to 4 bonding points for samples 
bonded on thin card at a 90° angle. Results at 30 and 60 seconds dwell times also 
improved greatly from 3 and 8 bonding points for thin card and 90° configuration 
to 10 and 16 bonding points respectively for thick and 90° configuration 
5- The improved number of bonding points for samples bonded on thick card in 
comparison to samples bonded on thin card seemed to be triggered by the larger 
wrapping angle (3.8°) created by using the thick card configuration in comparison 
to the smaller wrapping angle (1.4°) for thin card configuration as listed in       
Table 6-6, which probably has led to better contact points between wool and nylon 
fibres while bonding 
6- The inferior bonding tensile results of samples bonded at a 90º bonding angle for 
both thin and thick cards compared to samples bonded at a 45º bonding angle could 
be explained by evaluating the SEM images of that particular group in regard to 
that of the 45º bonded samples. SEM images of Hercosett wool/nylon samples, 
bonded at 90º on both thin and thick card for 30, 60 and 90 seconds, shown in 
Figures 6-7, 6-10 and 6-13 respectively, all show a distinctive bond shape 
influenced by the bonding angle. From the aforementioned figures it became 
obvious that the 90º bonding angle configuration resulted in a diminished bonding 
area because of the large confined area created by the overlapping of the two fibres 
at the cross over point. The confined area proved too large to be overlapped by the 
molten nylon polymer flow and hence the bonding was localised where the fibres 
have crossed over each other which in turn reduced the total size of the resultant 
bonded area. This is in contrast to the 45º configuration, especially noticeable at 60 
seconds dwell time as illustrated in Fig. 6-9, where the bonding angle seemed to 
favour adequate nylon polymer flow in between the confined area created by the 
two overlapped fibres. This led to an increase in the bonded surface area which 
resulted in better bonding performance 
6.4.3 Samples bonded at 30º bonding angle 
As bonding tensile strength for samples bonded at 90º on both thin and thick card 
configurations were notably weaker compared to the 45º samples, there was a need to 
explore the effect of decreasing the bonding angle to less than 45º on both the tensile 
strength and number of bonding points. For that particular reason, a 30º bonding angle was 
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chosen for bonding the Hercosett wool/nylon samples as smaller bonding angles were not 
possible for practical reasons. However, as bonding tensile strength was higher in the case 
of samples bonded by the 45º thick card configuration compared to their counterparts 
bonded on thin cards, and the number of bonding points scored by the 45º and 90º thick 
card configurations was greater compared to the comparable thin card configurations, it 
was decided to perform the 30º trials on thick cards only. 
 
Accordingly, from Figures 6-3 and 6-4, and Table 6-3, the following was concluded: 
 
1- Number of bonding points for this configuration was quite close to the number of 
bonding points achieved by the wool/nylon samples bonded on thick card at 45°, 
as the first configuration achieved 10, 17, 19 bonds at 30, 60 and 90 seconds 
dwell time respectively compared to a very close 10, 19, 19 bonds at the same 
dwell time for the second group 
2- Number of bonding points for this group was again notably close to that achieved 
by samples bonded at 90° angle on thick card and only increased one point at 60 
seconds dwell time and two points at 90 seconds 
3- It has to be noted that the number of bonding points for this configuration was 
markedly higher than that achieved by Hercosett/wool samples bonded on thin 
card at a 90° bonding angle 
4- Tensile strength of bonds for this particular configuration was again very close 
when compared to Hercosett wool/nylon samples bonded on thin card at a 45° 
bonding angle 
5- Hercosett/nylon samples following the configuration of 30° bonding angle and 
thick card seemed to suffer a 9 to 14% loss in bond strength depending on the 
dwell time when compared to bonding strength of Hercosett/wool samples 
bonded on the same kind of card but at a 45° bonding angle 
6- The results suggested that the configuration of a 45° bonding angle and thick card 
did produce the strongest bonds and the most bonding points 
7- Although the 30º bonding angle implied a better bonding performance than 45º 
and 90º bonding angles due to the theoretically larger overlapped area between 
the bond forming fibres, the tensile results proved otherwise, especially compared 
to the 45º configuration as mentioned earlier. The reason for this seemed to lie in 
the bond shape itself as revealed by the SEM images. The nylon polymer flow 
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which bridges the gap confined between the two bonded fibres in case of the 30º 
bonding angle, Figures 6-5, 6-8 and 6-11, was generally less defined than that of 
the 45º bonding angle pair bonded samples, Figures 6-6, 6-9 and 6-12, bonded for 
the same dwell time of 30, 60 and 90 seconds respectively. The difference in 
nylon polymer flow between both was best seen at the dwell time of 60 seconds, 
where the bond shape of the 45º samples, Fig. 6-9 (A, B, C, D), seemed generally 
more developed than that of the 30º bonding angle as shown in Fig. 6-8            
(A, B, C, D). Moreover the difference seemed to be more distinct when 
comparing samples bonded at 45º and 30º for 60 seconds, while bonded on thick 
card as shown in Figures 6-9 (C, D) and 6-8 (C, D) respectively. As in this 
specific case the bond for the 45º category seemed more developed than that of 
the 30º category 
6.5 Summary 
It can be concluded that the wrapping angle as well as the bonding angle play an important 
role in both the tensile strength of bonds and the number of bonding points as following: 
 
1- The increase in wrapping angle has a significant effect on the number of bonding 
points especially at a 90° bonding angle, and a small effect at a 45° bonding angle 
2- The increase in wrapping angle has a slight effect on the tensile strength of 
bonding points at 45° and a negligible effect at 90° bonding angle; 
3- The bonding angle has a significant effect on the tensile strength of bonding 
points 
4- At 90° bonding angle, there was a marked decrease in the tensile strength of 
bonding points compared to 45° regardless of the wrapping angle 
5- Generally, the number of bonding points at 45° bonding angle, regardless of 
wrapping angle, was higher than for the 90° configuration 
6- Without regard to specific details or exceptions, the number of bonding points in 
the case of Hercosett wool/nylon fibres bonded at 30° on thick card was quite 
similar to that achieved by the same samples bonded at 45° and on the thin card 
7- Bond tensile strength at a 30° bonding angle was less than what was 
accomplished by Hercosett wool/nylon samples bonded on comparable card 
thickness at a 45° angle 
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8- Generally the bonding tensile strength was thought to be largely affected by the 
effective bonding area, and to a lesser extent by the wrapping angle 
9- On the other hand, the number of bonding points seemed to be more related to the 
wrapping angle rather than the effective bonding area 
10- Hercosett wool/nylon samples produced the strongest bonds as well as the highest 
number of bonding points peaking at 60 seconds dwell time and 160° bonding 
temperature 
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Chapter 7 Hot through air thermobonding of 
wool/nylon 3D shells 
 
7.1 Introduction 
Previous chapters were mainly related to the possibility of hot through air thermobonding 
of wool/nylon fibres as pair bonded samples, and the factors that affect this bond. This 
chapter is dedicated to the verification of the findings from the previous chapters by 
applying the same variables, where applicable, for 3D shell structures. Accordingly, the 
main aim of this chapter was to consider whether or not the conclusions from 
thermobonding wool/nylon pair bonded samples can be used to explain the tensile strength 
results of the 3D shell structures. Moreover the tensile failure mechanism was further 
investigated through the Environmental Scanning Electron Microscopy (ESEM). 
7.2 Experimental 
7.2.1 Fibre types 
The following fibre types were used in producing the 3D shells: 
 
1- 20.5 micron untreated wool fibres (Wu) 
2- 20.5 micron plasma treated wool fibres (Wp) 
3- 20.5 micron chlorinated wool fibres (Wc) 
4- 20.5 micron Hercosett wool fibres (Wh) 
5- 3.3 dtex and 220/115 C (core/sheath) melting point bicomponent nylon            
fibres (BA115) 
 
All wool fibres were Australian Merino wool tops. 
7.2.2 Technical parameters 
Table 7-1 lists the different parameters used for 3D sample production. 
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Table  7-1  Technical parameters of 3D samples 
Temperature 
(ºC) 160 
Dwell time 
(sec) 30 60 90 
BA115 
Wu 
Wp 
Wc 
Fibre type 
Wh 
BA115= nylon, Wu = untreated wool, Wp = plasma wool Wc = chlorinated wool, Wh = Hercosett wool 
7.2.3 Process parameters of test samples 
Table 7-2 lists the process parameters for 3D shell structures. 
Table  7-2  3D samples process parameters 
Sample 
no. 
Raw 
Material 
Bonding 
Fibre 
Type 
Bi or 
Mono 
Blending 
Ratio % 
Dwell 
Time 
(sec) 
Temperature 
(± 5°C) 
SS1 30 
SS2 60 
SS3 
BA115/Wu BA115 Bi 50/50 
90 
160 
SS4 30 
SS5 60 
SS6 
BA115/Wp BA115 Bi 50/50 
90 
160 
SS7 30 
SS8 60 
SS9 
BA115/Wc BA115 Bi 50/50 
90 
160 
SS10 30 
SS11 60 
SS12 
BA115/Wh BA115 Bi 50/50 
90 
160 
7.2.4 Equipment and processes 
The process and equipment used for the production of the 3D shell structures has been 
discussed in detail in chapter 3 section 3.5.1, which dealt with the production process of 
the preliminary 3D samples. Consequently, the process and equipment can be briefly 
summarised as follows: 
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1- Preparation of blended webs of 50% wool and 50% nylon with the help of a roller 
card 
2- Formation of 3D shell structure by air laying over 3D hat shaped porous mould 
3- Bonding of 3D shell structure with hot through air in the bonding chamber 
4- Extraction of the 3D shell structure from the mould after bonding 
7.2.5 Tests for evaluating the preliminary samples 
3D shell structures were examined by two tests: 
 
1- Tensile strength; 
2- Scanning electron microscope (SEM). 
7.2.5.1 Tensile strength 
Tensile strength testing of the 3D samples was performed on the Instron Series IX 
Automated material testing system according to ISO 9073-3:1989 [92], and under the 
standard atmosphere according to ISO 139 [93]. The tested samples measured 100 mm in 
length, 40 mm in width. The grip distance was 60 mm. The straining speed was 100 
mm/min. The samples were mounted in a manner that allowed the force to be acting along 
the length of it. The size of the sample was determined by the available area for testing. 
7.2.5.2 Scanning electron microscope (SEM) 
Samples were examined under a Philips FEI/XL30 scanning electron microscope (SEM). 
The microscope was operated in two modes: 
 
1- SE (secondary electron) mode for analyzing the topography of the fibres; 
2- BSE (back scattered electron) mode as a means of crack detection between the 
bonded fibres. 
 
To improve conductivity, all samples were gold coated on a gold sputter apparatus before 
conducting the examination under the microscope. 
 
In addition to the Philips FEI/XL30 SEM, a Zeiss Evo60 Environmental Scanning Electron 
Microscope (ESEM) was used for the examination of the 3D shell structures after tensile 
failure. This particular type of SEM is operated at a low vacuum with the added ability of 
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handling nonconductive materials without coating [102]. This has proved beneficial in 
examining the 3D samples after tensile failure due to the fact that after the tensile failure, 
bundles of fibres at the edge of the sample, where the failure has occurred, were sticking 
out which made it very hard to coat and thus not suitable for examination under a normal 
SEM. Moreover, even if the samples could be coated, it was very hazardous to put the 
samples with bundles of fibres sticking out of them in a normal SEM as this would have 
posed a serious problem for the SEM if the fibres would have touched the SEM lens. 
7.3 Results 
7.3.1 3D samples tensile strength 
Table 7-3 lists the tensile strength results for different variants of the 3D shells bonded at 
160ºC, and 30, 60, 90 seconds dwell time. In total 8 samples were tested from each patch 
of 3D shells, and the breaking load was calculated as the arithmetic mean of those 8 
readings. Results show that Hercosett/nylon samples scored the highest tensile strength 
followed by plasma, chlorinated and untreated wool/nylon samples respectively. 
Table  7-3  Breaking load for 3D shells at different dwell times 
Fibre type 
Dwell  time 
(sec) 
Number of  
samples 
Breaking load 
(N) 
30 8 49.84 
60 8 51.05 
Untreated wool/nylon 
  
  
90 8 45.19 
30 8 52.15 
60 8 58.34 
Chlorinated wool /Nylon 
  
  
90 8 47.25 
30 8 55.86 
60 8 68.59 
Plasma wool/Nylon 
  
  
90 8 51.81 
30 8 74.98 
60 8 81.60 
Hercosett wool/Nylon 
  
  
90 8 60.26 
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Fig. 7-1 represents a graphical representation of the results listed in Table 7-3 for the 
relationship between tensile strength and dwell time of 3D samples. 
 
 
Figure  7-1  Relation between dwell time and breaking load for 3D shells 
Table 7-4 lists the results for the ANOVA statistical analysis, where the significance of the 
relation between dwell times and 3D shells tensile strength were tested for each fibre type. 
Time and tensile strength of the 3D shells for each fibre type, were the independent and 
dependent factors respectively. And, as the confidence level was set to 95%, any result 
proved significant if its P value was ≤ 0.05. Results implied that dwell times had a 
meaningful effect on the tensile strength of all samples except the untreated wool/nylon 
samples. To determine which fibre type showed the most significant change in tensile 
strength at each dwell time, another ANOVA test was performed, see Table 7-6. This time 
around, fibre type was the independent factor, and the 3D shells tensile strength at each 
dwell time was the dependent property. As the output of this test suggested that different 
fibre types cause a significant change in the 3D shells tensile strength (P < 0.05), multiple 
comparisons were used to further explore which treatment type produced the most 
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significant change in the tensile strength of the 3D samples at each dwell time, see Table 
A-4 Appendix A. 
Table  7-4  Table  7-5  ANOVA for significance of dwell times on tensile strength of 3D samples for each 
fibre type 
Fibre type 
 
df F P 
Between Groups 2 1.105 .350 
Within Groups 21   
Untreated wool/nylon 
Total 23   
Between Groups 2 3.768 .040 
Within Groups 21   
Chlorinated wool /Nylon 
Total 23   
Between Groups 2 8.864 .002 
Within Groups 21   
Plasma wool/Nylon 
Total 23   
Between Groups 2 12.535 .000 
Within Groups 21   
Hercosett wool/Nylon 
Total 23   
 
Table  7-6  ANOVA for significance of fibre types on tensile strength of 3D samples for each dwell time 
  df F P 
Between Groups 3 16.717 .000 
Within Groups 28   
30s 
Total 31   
Between Groups 3 19.303 .000 
Within Groups 28   
60s 
Total 31   
Between Groups 3 4.806 .008 
Within Groups 28   
90s 
Total 31   
7.3.2 3D samples SEM 
The following set of images, Figures 7-2 to 7-13, represent the SEM examination of 
untreated, chlorinated, plasma, and Hercosett treated wool/nylon 3D structures prior to any 
tensile strength testing. This inspection was devoted to the study of the internal structure of 
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the bonded 3D shells. Moreover, conclusions drawn from this set of images were used to 
further evaluate the 3D structures after tensile failure. Any bond failure observed in those 
images occurred during the bonding process and was not induced by any other means. 
7.3.2.1 Untreated wool/nylon 3D samples 
Figures 7-2 to 7-4 illustrate failed attempts of bonding between untreated wool/nylon fibres 
bonded at 160ºC and 30, 60 and 90 seconds dwell time respectively. Examining the SEM 
images of this group revealed that no bonding could be achieved between wool and nylon 
fibres. This was true for all dwell times, as clearly seen in most of the images. On the other 
hand, examples of successful bonding between nylon and nylon can be seen throughout the 
complete range of dwell times. Moreover, all SEM images of the bottom side of the 
samples, which was facing the metallic mould, showed a distinct evidence of nylon fibre 
deformation. 
  
  
Figure  7-2  Examples of failed bonding between untreated wool/nylon fibres in 3D samples bonded at 
160ºC for 30 seconds 
Images A, B and C represent the top side of the sample 
Image D represents the bottom side of the sample 
(A) (B) 
(C) (D) 
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Figure  7-3  Examples of failed bonding between untreated wool/nylon fibres in 3D samples bonded at 
160ºC for 60 seconds 
Images A, B and C represent the top side of the sample 
Image D represents the bottom side of the sample 
(A) (B) 
(C) (D) 
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Figure  7-4  Examples of failed bonding between untreated wool/nylon fibres in 3D samples bonded at 
160ºC for 90 seconds 
Images A and B represent the top side of the sample 
Images C and D represent the bottom side of the sample
(A) (B) 
(C) (D) 
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7.3.2.2 Plasma wool/nylon 3D samples 
Examples of successful and failed bonding between plasma wool/nylon fibres are shown in 
Figures 7-5 to 7-7. The figures are for 3D samples bonded at 160ºC and 30, 60 and 90 
seconds dwell time respectively. 30 seconds dwell time showed a poor bonding 
performance between wool and nylon fibres. On the other hand 60 seconds samples 
showed a distinct improvement over that of the 30 seconds, as more than one example of 
satisfactory bonding was observed for this group. Likewise, images of 3D shells bonded 
for 90 seconds exhibited more than one example of bonding between wool and nylon 
fibres. Moreover, nylon fibre deformation dominated the images representing the bottom 
side of the samples, as was the case for the untreated group. 
 
  
  
Figure  7-5  Examples of bonding between plasma wool/nylon fibres in 3D samples bonded at 160ºC for 
30 seconds 
Images A, B and C represent the top side of the sample 
Image D represents the bottom side of the sample
(A) (B) 
(C) (D) 
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Figure  7-6  Examples of bonding between plasma wool/nylon fibres in 3D samples bonded at 160ºC for 
60 seconds 
Images A, B and C represent the top side of the sample 
Image D represents the bottom side of the sample
(A) (B) 
(C) (D) 
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Figure  7-7  Examples of bonding between plasma wool/nylon fibres in 3D samples bonded at 160ºC for 
90 seconds 
Images A and B represent the top side of the sample 
Image C represents the bottom side of the sample
(A) (B) 
(C) 
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7.3.2.3 Chlorinated wool/nylon 3D sample 
Images A, B, C and D shown in Figures 7-8 to 7-10 represent SEM examination of 
chlorinated wool/nylon 3D samples bonded for 30, 60 and 90 seconds respectively. All 
samples were bonded at 160ºC. In this group, the main findings were that 60 and 90 
seconds dwell times produced better polymer flow, than what was achieved by the 30 
seconds samples. By inspecting the images of the bottom side of the samples for all dwell 
times, it was clear that nylon fibre deformation was the main dominating feature in those 
images. 
 
  
 
Figure  7-8  Examples of bonding between chlorinated wool/nylon fibres in 3D samples bonded at 160ºC 
for 30 seconds 
Images A and B represent the top side of the sample 
Image C represents the bottom side of the sample
(A) (B) 
(C) 
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Figure  7-9  Examples of bonding between chlorinated wool/nylon fibres in 3D samples bonded at 160ºC 
for 60 seconds 
Images A and B represent the top side of the sample 
Image C represents the bottom side of the sample
(A) (B) 
(C) 
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Figure  7-10  Examples of bonding between chlorinated wool/nylon fibres in 3D samples bonded at 
160ºC for 90 seconds 
Images A, B and C represent the top side of the sample 
Image D represents the bottom side of the sample
(A) (B) 
(C) (D) 
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7.3.2.4 Hercosett woo/nylon 3D samples 
SEM images depicted in Figures 7-11 to 7-13 are examples of bonding between Hercosett 
woo/nylon fibres bonded for 30, 60 and 90 seconds at 160ºC. Poor nylon polymer flow 
prevailed in SEM images of the 30 seconds group, which mimicked the findings of all 
previous 30 seconds groups. Contrarily to the 30 seconds group, 60 and 90 seconds showed 
an improved bonding performance between wool and nylon fibres. Again, the bottom sides 
of the samples, which were facing the hot metallic mould while bonding, showed the same 
pattern of nylon fibre deformation as all previous treatments. 
 
  
  
Figure  7-11  Examples of bonding between Hercosett wool/nylon fibres in 3D samples bonded at 160ºC 
for 30 seconds 
Images A, B and C represent the top side of the sample 
Image C represents the bottom side of the sample 
(A) (B) 
(C) (D) 
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Figure  7-12  Examples of bonding between Hercosett wool/nylon fibres in 3D samples bonded at 160ºC 
for 60 seconds 
Images A, B and C represent the top side of the sample 
Image D represents the bottom side of the sample
(A) (B) 
(C) (D) 
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Figure  7-13  Examples of bonding between Hercosett wool/nylon fibres in 3D samples bonded at 160ºC 
for 90 seconds 
Images A, B and C represent the top side of the sample 
Image D represents the bottom side of the sample
(A) (B) 
(C) (D) 
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7.3.3 3D samples BSM 
From all wool/nylon 3D shell structures, only examples of plasma treated 3D structures 
were examined by the back scattered electron mode (BSM), as this was only intended to 
explore the possibility of using that particular imaging mode in detecting cracks between 
bonded wool and nylon fibres. 
7.3.3.1 Plasma 3D samples 
Fig. 7-14 illustrates examples of BSM usage in detecting cracks between plasma wool and 
nylon fibres in 3D samples in comparison to SE mode. The samples were bonded at 160ºC 
for 90 seconds. Images (A, C) were taken in SE mode, while images (B, D) were taken in 
BSM mode. It can be observed that BSE images show a distinct difference in places where 
a crack has developed when compared to images taken in SE mode as shown in images  
(A) and (B). 
 
  
  
Figure  7-14  Examples of BSM mode for crack detection even in chemically similar materials 
Images A and C taken in SE mode 
Images B and D taken in BSM mode 
(A) (B) 
(C) (D) 
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7.3.4 3D samples tensile failure ESEM 
This section largely demonstrates the ESEM results of Hercosett/nylon 3D shell structures 
after failing the tensile strength and to a lesser extent the ESEM results of plasma 
wool/nylon shell structures after failing the same test. The reasons behind this particular 
paradigm in sample selection are discussed in detail in section 7.3.5.1. 
7.3.4.1 Hercosett wool/nylon 
Examples of 3D samples after failing the tensile test are shown in Figures 7-15 to 7-17.       
Fig. 7-15 represents ESEM images of Hercosett wool/nylon 3D shell structures, bonded for 
30 seconds at 160ºC after tensile failure. Similarly, Fig. 7-16 shows examples of tensile 
failure of Hercosett wool/nylon 3D samples sharing the same bonding temperature, but 
bonded for 60 seconds. Finally Fig. 7-17 illustrates images of 3D samples composed from 
Hercosett wool and nylon and bonded at the same bonding temperature as mentioned in the 
previous two examples with the exception of the dwell time which was 90 seconds. By 
close inspection of the failed samples, it was obvious that the majority of the bonds have 
failed with very few signs of individual fibre failure. This pattern was not exclusive to one 
dwell time, as all three dwell times shared the same failure pattern. Moreover, individual 
fibre failure was mostly noticeable for samples bonded for 60 seconds, and to a lesser 
extent in samples bonded for 90 seconds. 
 
  
Figure  7-15  Examples of Hercosett wool/nylon 3D samples tensile failure after 30 seconds dwell time 
at 160ºC 
 
(A) (B) 
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Figure  7-16  Examples of Hercosett wool/nylon 3D sample tensile failure after 60 seconds dwell time at 
160ºC 
 
(A) (B) 
(C) 
 152 
  
  
Figure  7-17  Examples of Hercosett wool/nylon 3D sample tensile failure after 90 seconds dwell time at 
160ºC 
7.3.4.2 Plasma wool/nylon 
Fig. 7-18 represents examples of plasma wool/nylon 3D shell structures after failing the 
tensile strength test. The samples were bonded for 60 seconds at 160ºC. Similar to 
Hercosett samples, bond failure was the predominant feature after tensile failure. 
 
  
Figure  7-18  Examples of tensile failure of 60 seconds plasma wool/nylon 3D samples bonded at 160ºC 
(A) (B) 
(C) 
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7.3.5 Conclusions 
7.3.5.1 3D shells tensile strength 
By taking tensile strength and SEM examination results of single and pair bonded fibres 
into consideration, and reviewing the 3D shell structure results listed in Tables 7-3 and 7-4, 
and illustrated in Figures 7-1 to 7-14, the following was concluded: 
 
1- Hercosett treated wool/nylon samples showed the highest tensile strength at 30, 60 
and 90 seconds dwell time, peaking at 60 seconds, followed by plasma, chlorinated 
and untreated wool/nylon samples respectively 
2- Lowest tensile strength was at 90 seconds for all samples regardless of the 
treatment 
3- As previously mentioned in chapters 5 and 6, the reason behind the improved 
bonding performance of 3D samples made of Hercosett wool/nylon may be 
attributed to the cationic PAE polymer masking the outer surface of the wool fibres 
and hence creating a bonding surface which was both highly reactive and 
chemically compatible with nylon fibres. On the other hand, the inferior bonding 
performance of chlorinated wool/nylon 3D samples compared to Hercosett and 
plasma 3D samples seemed to be a result of the smooth outer surface of the 
chlorinated wool fibres created by the degradation of the cuticle [32], which in turn 
was translated into lower tensile strength. Contrary to chlorination, plasma 
treatment seemed to have led to a rougher outer surface due to grooves created by 
the bombardment of the oxygen plasma species. This coupled with the high surface 
energy of the plasma treated fibres due to the polar O2 atoms [33, 39] on the fibre 
surface led to better adhesion performance compared to chlorinated wool/nylon 
samples 
4- The aforementioned results were backed up by the pair bonding tensile strength 
results, Table 5-3, and the number of bonding points results shown in Fig. 5-4, 
where the Hercosett wool/nylon samples scored the highest results in both testing 
protocols, especially at 60 seconds dwell time 
5- By comparing the results of pair bonded samples bonded for 30 and 90 seconds 
with the results of the 3D samples bonded for the same period of time the following 
was observed: 
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- In pair bonded samples, the tensile strength results for samples bonded for 
30 seconds was generally lower than that of samples bonded for 90 seconds 
regardless of the treatment 
- Contrarily to pair bonded samples, in 3D samples the tensile strength of 
samples bonded for 90 seconds was lower than that of 30 seconds bonded 
samples regardless of the treatment 
- The reason for this seemed to be a result of the noticeably decreased tensile 
strength of the nylon fibres at 90 seconds compared to fibres treated for 30 
seconds, Fig. 4-2. And as nylon fibres form 50% of the sample weight, any 
decrease in nylon fibres tensile strength will have a direct effect on the 
tensile strength of the 3D samples 
6- On the contrary, low tensile strength results for all treatments at 30 seconds        
Fig. 7-1, despite the high tensile strength of BA115 fibre at this particular dwell 
time, Table 4-4, suggested that this dwell time was too short to produce the desired 
melting and flow of the BA115 fibre sheath resulting in poor bonding performance 
between wool and nylon fibres. This was demonstrated by the SEM images of pair 
bonded samples bonded for 30 seconds dwell time at 30º and 45º bonding angle, 
Figures 6-5 and 6-6 respectively, especially when compared to pair bonded 
samples, bonded for 60 seconds at the same bonding angles as illustrated in Figures 
6-8 and 6-9 
7- Untreated wool/BA115 samples scored the lowest tensile strength at each of the 
given dwell times despite the fact that untreated wool fibres possess nearly the 
same tensile strength as both plasma and Hercosett treated wool fibres and more 
tensile strength than chlorinated wool samples, Table 4-4. Accordingly, the tensile 
strength results of the untreated 3D sample is thought to be largely due to wool 
fibres being mechanically trapped inside a network of BA115 fibres,             
Figures 7-2 to 7-4, and not to bonding between both BA115 and wool fibres as was 
the case with all other treatments as shown in Figures 7-5 to 7-13. Moreover, the 
poor results of the untreated wool samples seemed to be related to low surface 
energy of untreated wool fibres caused by the presence of the inert fatty layer on 
the epicuticle [32] 
8- From ANOVA analysis, Table 7-4, it was clear that the change in dwell time 
produced a significant change in the tensile strength of 3D shell structures             
(P < 0.05), except for the untreated wool/nylon samples (P>0.05). The lack of a 
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significant change in tensile strength of untreated samples with the progression of 
the dwell time was attributed to the poor bonding, or rather lack of bonding 
between untreated wool and nylon fibres as discussed earlier. Moreover, the output 
of the multiple comparisons, Table A-3 Appendix A, suggested that the most 
significant change in tensile strength at each dwell time was caused mainly by the 
Hercosett wool/nylon samples, when compared to all other wool/nylon samples. 
This was believed to be a consequence of the superior bonding performance of 
Hercosett treated fibres with nylon fibres compared to all other treatments as 
discussed earlier 
9- Results of single fibres tensile strength, Table 4-4, and tensile strength of pair 
bonded samples, Table 6-3, suggested that the main failure mode for 3D structures 
at any of the given dwell times was mainly a consequence of bond failure rather 
than fibre failure. This assumption was manifested by the ESEM images,      
Figures 7-15 to 7-17, showing examples of 3D Hercosett wool/nylon shell 
structures after tensile failure bonded for 30, 60 and 90 seconds respectively. In this 
set of images it can be clearly seen that most of the bonds were broken in the 
failure area which consequently led to the tensile failure of the 3D shell structures. 
A closer examination of Fig. 7-16 (B, C) and Fig. 7-17 (A) showed that not only 
bonds were broken at the failure area, but also individual fibres have failed. This 
implied that the sheer number of bonds between wool and nylon and nylon and 
nylon fibres when bonded at the appropriate bonding temperature and dwell time, 
although weaker than single fibres, do have the capacity to give the 3D shells added 
strength, which was enough to cause the stronger single fibres to break 
10-  It has to be stressed that the Hercosett wool/nylon 3D shell structures have been 
predominantly chosen for studying the tensile failure mode over all other treatment 
types for the following reasons: 
- compared to all other treatments, Hercosett treated fibres scored the highest 
number of bonds as well as the highest tensile strength both as pair bonded 
and 3D shell structure samples which qualified them to be the centre of the 
study 
- as mentioned before, results of single fibres tensile strength listed in     
Table 4-4, as well as results of pair bonding tensile strength listed in     
Table 5-3 for all treatments, showed that without exception, the tensile 
strength of single fibres was always higher than that of the pair bonded 
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samples regardless of treatment type or dwell time, which in turn suggested 
that tensile failure was more likely to be caused by bond failure rather than 
fibre failure for all 3D sample types and not only the examined Hercosett 
samples. This assumption was further affirmed by reviewing ESEM images 
of the plasma wool/nylon shell structures, Fig. 7-18, which were bonded for 
60 seconds at 160ºC. Those structures were only bettered by the tensile 
strength results of the 60 seconds dwell time Hercosett wool/nylon 
structures and their ESEM images clearly show the same tensile failure 
mode associated with the Hercosett samples. And as the strongest shell 
structures, namely 60 seconds Hercosett/nylon and plasma wool/nylon, 
were assumably failing because of bond failure, then it was safe to presume 
that the weaker chlorinated wool/nylon samples were to follow suite of both 
the stronger Hercosett and plasma wool/nylon 3D structures without having 
to examine the whole range of samples 
11- Handling the 3D shell structures also revealed that the inner and outer surfaces of 
the samples did not convey the same feeling when handled regardless of the 
treatment. To put it more into context, the outer surface which was not adjacent to 
the mould was softer to the touch than the inner surface which was pressed against 
the mould during bonding. Reviewing the SEM images of the top side and bottom 
side for each of the treatments, Figures 7-2 to 7-13, affirmed this finding, as it 
showed that fibres pushed against the metallic mould during the bonding phase, as 
clearly seen in Fig. 7-9 (C) , and Figures 7-11 and 7-12 (D), were deformed to a 
large extent. This in turn resulted in this feeling of roughness when compared to the 
top side of the samples where the nylon fibres did not suffer from this deformation 
12- BSM images of plasma wool/nylon 3D samples, Fig. 7-14, implied the possibility 
of using BSM imagery to detect any cracks in bonds, even between materials that 
share nearly the same chemical composition as wool and nylon. Images (A, B) in 
Fig. 7-4 represent two examples of failed bonding between plasma wool/nylon 
fibres, where image (A) was taken in SEM mode and image (B) was taken in BSM 
mode. It was observed that where a crack has developed a black shade was easily 
noticed at this area. However, where a bond has been successfully formed,         
Fig. 7-4 (D), the whole image in BSM mode exhibited the same contrast level even 
at the edges of the bond 
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13- Lastly, it has to be acknowledged that bonding configurations between wool/nylon 
in 3D shell structures as shown in Figures 7-5 to 7-13 were much more varied and 
did not stick to the bonding configurations used for pair bonded samples. A few 
examples of the different bonding configurations could be observed in: 
- Fig. 7-6 (A, C) and Fig. 7-12 (B) representing side by side bonding 
between wool and nylon fibres 
- Fig. 7-8 (C) showing an extremely big wrapping angle 
- Fig. 7-9 (A) depicting a wool fibre caught between two nylon fibres 
- Fig. 7-10 (A) showcasing a wool fibre bonded with two nylon fibres, one 
running along side it and the other one bonded cross wise at a bonding 
angle of 90º 
- Fig. 7-10 (B) illustrating two wool fibres bonded along one nylon fibre 
The difficulty in achieving comparable bonding configurations with the 3D samples 
stemmed from the impossibility of arranging such bonding configurations without 
jeopardising the repeatability and consistency of the results, as those configurations 
were very hard to replicate repeatedly or in some cases even once 
7.4 Summary 
Hot through air bonding is a complex process, where a lot of factors interact to produce the 
end result. It is hard to pinpoint which of the variables have the largest effect on tensile 
strength of the 3D shells, but it can be concluded that fibre strength seemed not to play the 
main role in the tensile strength of the hot through air thermobonded wool/nylon 3D shells. 
The results suggest that the following factors do have a marked contribution in imparting 
the 3D shells their tensile strength and required integrity: 
 
- Type of surface modification treatment 
- Dwell time 
- Bonding temperature 
 
Which in turn affect: 
 
- Number of bonds 
- Strength of the bonds 
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- Overall 3D shell tensile strength 
 
Fibre friction as well as fibre orientation will also play a part in this process but they are 
hard to control and measure mainly because of the very nature of the fibre laying process 
itself which is random. 
 
As far as the results are concerned, the following combination of factors yielded the best 
tensile results: 
 
- Hercosett treated wool/BA115 fibres 
- 60 seconds dwell time 
- 160ºC bonding temperature 
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Chapter 8 Conclusions and 
recommendations 
 
8.1 Conclusions 
The possibility of forming uncompressed simple 3D wool/nylon nonwoven shell structures 
in one continuous process through a combination of air laying techniques and hot air 
thermobonding has been favourably showcased in this study. This means that wool fibres 
with their excellent technical properties such as high bulkiness, resilience, odour 
absorption, and flame resistance among others can be directly incorporated into novel 3D 
structures in just one continuous process. This considerably reduces the cost of wool 
conversion, preserves the advantageous natural properties of wool fibres and at the same 
time lets wool act as a positive contributor towards the tensile strength of the whole 3D 
structure through developing satisfactory bonds with nylon fibres and not only being 
mechanically trapped inside a network of bonded thermoplastic fibres. 
 
The research findings can be summarized as follows: 
 
1- Fibre-wise, nylon fibres were chosen for their highly polar nature, as well as their 
chemical compatibility with wool fibres in general and in particular their 
compatibility with the Hercosett surface treatment. Moreover, the chosen nylon 
fibres were low melting bicomponent fibres to preserve the wool fibres from any 
adverse thermal effects while bonding while at the same time acting as a structural 
component for the 3D shell structures due to the high melting point core. As for 
wool fibres, low surface energy seemed to be the biggest obstacle against forming 
satisfactory bonds with nylon fibres due to the inert hydrophobic epicuticle 
membrane. This hindrance was alleviated through specific wool surface 
modification treatments that have the tendency of increasing the surface energy of 
wool fibres without affecting the bulk of the fibre and which proved adequate for 
treating bulky materials. Microscope inspection of fibre breakage after tensile 
failure seemed to suggest that the chosen surface modification treatments, as well 
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as the used bonding temperature did not have any negative effects on the wool fibre 
structure when compared to untreated and unheated wool fibres 
2- As for surface treatments, all chosen surface treatments seemed to improve the 
ability of untreated wool fibres to thermobond with nylon fibres. This proved truer 
for the Hercosett treatment which scored the best results for both tensile strength 
and number of bonding points presumably because of the complete masking of the 
wool fibre by the cationic (PAE) polymer. The similar chemical structure of the 
PAE polymer and nylon fibres and the polarity of that polymer seemed to be the 
main contributor to the superior bonding performance of Hercosett treated wool 
fibres when compared to all other treatments. It has to be pointed out that all 
surface treatments are commercially available treatments which adds to the 
advantage of using wool in 3D structures as no special treatments are required to 
achieve the bonding between wool and nylon fibres 
3- Although not totally representative of 3D shell structures, pair bonding proved to 
be a valuable tool for evaluating the effect that different surface treatments as well 
as different wrapping angles and bonding angles have on the bonding tensile 
strength and number of bonding points between wool and nylon fibres without 
having to deal with the complex interactions inside a 3D shell structure 
4- Generally speaking, in pair bonding the wrapping angle seemed to influence more 
the number of bonding points rather than the bonding tensile strength due to the 
improved initial contact between wool and nylon fibres. On the other hand, the 
bonding angle seemed to be more related to the bonding tensile strength instead of 
the number of bonding points as the microscope inspections showed that the 
effective bonding area was largely affected by the change in bonding angle rather 
than wrapping angle 
5- Very short and very long dwell times seemed to compromise the tensile strength of 
bonds as well as the number of bonding points. In the first case, it is thought to be 
due to insufficient polymer flow caused by the short dwell time and in the latter 
case, the deterioration in both tested properties seemed to be caused by the thermal 
degradation of nylon fibres due to prolonged dwell time 
6- Cracks at bonding sites could be easily detected by the BSM imaging technique, 
even for materials sharing similar chemical compositions as was the case with wool 
and nylon fibres. In this case the crack was easily identified as a very dark shade in 
contrast to the lighter shade found elsewhere in the image 
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7- Although all 3D samples were composed of 50% wool and 50% nylon, any 
combination between those two fibres is possible, depending on the desired nature 
of the final product. Preliminary results have shown that increasing the wool 
percentage will tend to produce weaker and softer samples and oppositely 
increasing the nylon percentage over the wool will lead to stronger and harsher 
samples 
8.2 Recommendations 
Although the main aim of thermobonding wool and nylon as 3D nonwoven shell structures 
has been achieved, there are still more research areas that need to be addressed. 
 
One of these areas would be the lack of any significant knowledge base dealing with 
thermobonding wool and thermoplastic fibres, especially with nylon fibres as flat sheets 
and to a greater extent as 3D nonwoven shell structures. 
 
In addition, more research has to go into mould design to ensure a uniform distribution of 
fibres as well as achieving more complex structures. This will probably involve both the 
shape, porosity and positioning of the mould as well as the material which the mould is 
made of. The effect of the mould material was noticed, as discussed earlier in chapter 7, 
when examining the bottom side of the 3D shells. In this particular area, the fibres adjacent 
to the hot metal of the mould were clearly deformed from being pressed against the hot 
metal of the mould. Consequently, changing the mould material from metal to a heat 
resistant plastic mould could provide an answer to the problem, as the plastic structure will 
not heat up as much as the metal structure and accordingly less fibre deformation could be 
anticipated, as well as better energy consumption due to the fact that less heat will be 
consumed in heating up the plastic mould as was the case with the metal mould. Another 
addition that could improve the uniformity of the fibres would be the inclusion of air 
mufflers inside the mould which would act as an air shaping device for controlling the air 
passage through the mould. 
 
Moreover, during the bonding of 3D shell structures as well as pair bonding, it was quite 
clear that the melting point was above that recommended by the fibre provider. This could 
 162 
indicate that the bonding chamber design needs to be further optimized in order to decrease 
any heat loss during the bonding process and hence decrease the production time and costs. 
 
Plasma treated fibres came only second to Hercosett treated wool fibres in terms of 
thermobonding efficiently with nylon fibres. And as there are increasing environmental 
concerns about the wet chlorination process, on its own or as a preparatory step for 
applying the PAE polymer resin for the Hercosett treatment, due to the production of 
chlorine containing liquid effluents which are difficult to dispose of, it would be rewarding 
if more research is conducted on enhancing the ability of plasma treated wool fibres to 
thermobond more efficiently with nylon fibres. 
 
Moreover, in light of the results obtained with treated wool fibres, it would be of benefit to 
further optimize the blending ratio of the shell structures by increasing the wool fibre ratio 
while maintaining the balance between shape retention, softness and strength achieved by 
the 50% wool and 50% nylon shell structures. 
 
Finally, due to the wide range of desirable features of wool fibres, especially in the 
stabilised form, the possibilities for novel 3D as well as 2D applications are quite wide. 
 
Listed below are some suggested end products: 
 
1- In cushioning and padding such as in the shoe industry where the structures can be 
used as preformed shoe sole linings due to their springiness, resilience, odour 
control, and antimicrobial properties 
2- In car industry as a preformed insulation material for sound, vibration and heat by 
taking advantage of the large volume of trapped air due to the scale structure of 
wool fibres and high bulkiness, or as preformed linings for car seats taking 
advantage of the excellent moisture control properties arising from moisture 
absorption and buffering 
3- In filters where specific shapes of filters and functions are required capitalizing on 
the bulkiness and high void content of the wool/nylon shell structures and their 
high conformity to chemical modification and functionalisation 
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Appendix A   Statistical results 
 
Table A-1  Multiple comparisons for the significance of material type on single fibre tensile strength at 
each dwell time 
Dependent 
Variable 
(I) Material  (J) Material  Mean Difference (I-J) Sig. 
Chlorinated .37750* .037 
Plasma .03350 .999 
Hercosett .14400 .804 
Untreated 
Nylon -1.07900* .000 
Untreated -.37750* .037 
Plasma -.34400 .071 
Hercosett -.23350 .384 
Chlorinated 
Nylon -1.45650* .000 
Untreated -.03350 .999 
Chlorinated .34400 .071 
Hercosett .11050 .915 
Plasma 
Nylon -1.11250* .000 
Untreated -.14400 .804 
Chlorinated .23350 .384 
Plasma -.11050 .915 
Hercosett 
Nylon -1.22300* .000 
Untreated 1.07900* .000 
Chlorinated 1.45650* .000 
Plasma 1.11250* .000 
Tensile 0s 
Nylon 
Hercosett 1.22300* .000 
Chlorinated .35100 .070 
Plasma .08350 .970 
Hercosett .06400 .989 
Untreated 
Nylon -.93450* .000 
Untreated -.35100 .070 
Plasma -.26750 .265 
Hercosett -.28700 .202 
Tensile 30s 
Chlorinated 
Nylon -1.28550* .000 
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Untreated -.08350 .970 
Chlorinated .26750 .265 
Hercosett -.01950 1.000 
Plasma 
Nylon -1.01800* .000 
Untreated -.06400 .989 
Chlorinated .28700 .202 
Plasma .01950 1.000 
Hercosett 
Nylon -.99850* .000 
Untreated .93450* .000 
Chlorinated 1.28550* .000 
Plasma 1.01800* .000 
Nylon 
Hercosett .99850* .000 
Chlorinated .37500 .055 
Plasma -.02000 1.000 
Hercosett .11150 .925 
Untreated 
Nylon -.57000* .001 
Untreated -.37500 .055 
Plasma -.39500* .038 
Hercosett -.26350 .310 
Chlorinated 
Nylon -.94500* .000 
Untreated .02000 1.000 
Chlorinated .39500* .038 
Hercosett .13150 .871 
Plasma 
Nylon -.55000* .001 
Untreated -.11150 .925 
Chlorinated .26350 .310 
Plasma -.13150 .871 
Hercosett 
Nylon -.68150* .000 
Untreated .57000* .001 
Chlorinated .94500* .000 
Plasma .55000* .001 
Tensile 60s 
Nylon 
Hercosett .68150* .000 
Chlorinated .44750* .013 
Plasma .07850 .979 
Tensile 90s Untreated 
Hercosett .04500 .997 
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Nylon -.31200 .162 
Untreated -.44750* .013 
Plasma -.36900 .063 
Hercosett -.40250* .033 
Chlorinated 
Nylon -.75950* .000 
Untreated -.07850 .979 
Chlorinated .36900 .063 
Hercosett -.03350 .999 
Plasma 
Nylon -.39050* .042 
Untreated -.04500 .997 
Chlorinated .40250* .033 
Plasma .03350 .999 
Hercosett 
Nylon -.35700 .078 
Untreated .31200 .162 
Chlorinated .75950* .000 
Plasma .39050* .042 
Nylon 
Hercosett .35700 .078 
*. The mean difference is significant at the 0.05 level. 
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Table A-2  Multiple comparisons for the significance of fibre type on bond tensile strength at each 
dwell time 
Dependent 
Variable 
(I) Material  (J) Material  Mean Difference 
(I-J) 
Std. Error Sig. 
Plasma/nylon -.20167 .24751 .847 
Hercosett/nylon -.64875* .23153 .046 
Chlorinated/nylon 
nylon/nylon -3.28375* .23153 .000 
Chlorinated/nylon .20167 .24751 .847 
Hercosett/nylon -.44708 .23153 .242 
Plasma/nylon 
nylon/nylon -3.08208* .23153 .000 
Chlorinated/nylon .64875* .23153 .046 
Plasma/nylon .44708 .23153 .242 
Hercosett/nylon 
nylon/nylon -2.63500* .21435 .000 
Chlorinated/nylon 3.28375* .23153 .000 
Plasma/nylon 3.08208* .23153 .000 
Tensile 30s 
nylon/nylon 
Hercosett/nylon 2.63500* .21435 .000 
Plasma/nylon -.27583 .26459 .725 
Hercosett/nylon -1.09500* .25822 .000 
Chlorinated/nylon 
nylon/nylon -3.06070* .25548 .000 
Chlorinated/nylon .27583 .26459 .725 
Hercosett/nylon -.81917* .23806 .006 
Plasma/nylon 
nylon/nylon -2.78487* .23510 .000 
Chlorinated/nylon 1.09500* .25822 .000 
Plasma/nylon .81917* .23806 .006 
Hercosett/nylon 
nylon/nylon -1.96570* .22790 .000 
Chlorinated/nylon 3.06070* .25548 .000 
Plasma/nylon 2.78487* .23510 .000 
Tensile 60s 
nylon/nylon 
Hercosett/nylon 1.96570* .22790 .000 
Plasma/nylon -.21500 .37541 .940 
Hercosett/nylon -.70250 .35615 .219 
Chlorinated/nylon 
nylon/nylon -3.78650* .35615 .000 
Chlorinated/nylon .21500 .37541 .940 
Hercosett/nylon -.48750 .35615 .527 
Plasma/nylon 
nylon/nylon -3.57150* .35615 .000 
Chlorinated/nylon .70250 .35615 .219 
Tensile 90s 
Hercosett/nylon 
Plasma/nylon .48750 .35615 .527 
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nylon/nylon -3.08400* .33578 .000 
Chlorinated/nylon 3.78650* .35615 .000 
Plasma/nylon 3.57150* .35615 .000 
nylon/nylon 
Hercosett/nylon 3.08400* .33578 .000 
*. The mean difference is significant at the 0.05 level. 
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Table A-3  Multiple comparisons for the significance of fibre type on 3D samples tensile strength at 
each dwell time 
Dependent  
Variable 
(I) Material (J) Material Mean 
Difference  
(I-J) 
Std. Error Sig. 
Herco thick card 45° -.18025 .25841 .954 
Herco thin card 90° .84375* .16035 .006 
Herco thick card 90° .68675* .16749 .019 
Herco thin card 45° 
Herco thick card 30° .03675 .22003 1.000 
Herco thin card 45° .18025 .25841 .954 
Herco thin card 90° 1.02400* .20525 .005 
Herco thick card 90° .86700* .21088 .014 
Herco thick card 45° 
Herco thick card 30° .21700 .25462 .910 
Herco thin card 45° -.84375* .16035 .006 
Herco thick card 45° -1.02400* .20525 .005 
Herco thick card 90° -.15700 .05837 .120 
Herco thin card 90° 
Herco thick card 30° -.80700* .15417 .003 
Herco thin card 45° -.68675* .16749 .019 
Herco thick card 45° -.86700* .21088 .014 
Herco thin card 90° .15700 .05837 .120 
Herco thick card 90° 
Herco thick card 30° -.65000* .16158 .013 
Herco thin card 45° -.03675 .22003 1.000 
Herco thick card 45° -.21700 .25462 .910 
Herco thin card 90° .80700* .15417 .003 
Tensile 30s 
Herco thick card 30° 
Herco thick card 90° .65000* .16158 .013 
Herco thick card 45° -.26254 .20903 .719 
Herco thin card 90° 1.70167* .13822 .000 
Herco thick card 90° 1.66292* .13710 .000 
Herco thin card 45° 
Herco thick card 30° -.03539 .19184 1.000 
Herco thin card 45° .26254 .20903 .719 
Herco thin card 90° 1.96421* .16597 .000 
Herco thick card 90° 1.92546* .16504 .000 
Herco thick card 45° 
Herco thick card 30° .22715 .21270 .821 
Herco thin card 45° -1.70167* .13822 .000 
Tensile 60s 
Herco thin card 90° 
Herco thick card 45° -1.96421* .16597 .000 
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Herco thick card 90° -.03875 .05147 .941 
Herco thick card 30° -1.73706* .14372 .000 
Herco thin card 45° -1.66292* .13710 .000 
Herco thick card 45° -1.92546* .16504 .000 
Herco thin card 90° .03875 .05147 .941 
Herco thick card 90° 
Herco thick card 30° -1.69831* .14264 .000 
Herco thin card 45° .03539 .19184 1.000 
Herco thick card 45° -.22715 .21270 .821 
Herco thin card 90° 1.73706* .14372 .000 
Herco thick card 30° 
Herco thick card 90° 1.69831* .14264 .000 
Herco thick card 45° -.20868 .19392 .816 
Herco thin card 90° 1.03750* .17087 .001 
Herco thick card 90° .93033* .16603 .002 
Herco thin card 45° 
Herco thick card 30° -.04974 .20259 .999 
Herco thin card 45° .20868 .19392 .816 
Herco thin card 90° 1.24618* .11234 .000 
Herco thick card 90° 1.13902* .10483 .000 
Herco thick card 45° 
Herco thick card 30° .15895 .15642 .846 
Herco thin card 45° -1.03750* .17087 .001 
Herco thick card 45° -1.24618* .11234 .000 
Herco thick card 90° -.10717 .05081 .352 
Herco thin card 90° 
Herco thick card 30° -1.08724* .12672 .000 
Herco thin card 45° -.93033* .16603 .002 
Herco thick card 45° -1.13902* .10483 .000 
Herco thin card 90° .10717 .05081 .352 
Herco thick card 90° 
Herco thick card 30° -.98007* .12011 .000 
Herco thin card 45° .04974 .20259 .999 
Herco thick card 45° -.15895 .15642 .846 
Herco thin card 90° 1.08724* .12672 .000 
Tensile 90s 
Herco thick card 30° 
Herco thick card 90° .98007* .12011 .000 
*. The mean difference is significant at the 0.05 level. 
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Table A-3  Multiple comparisons for the significance of treatment type on 3D samples tensile strength 
at each dwell time 
Dependent 
Variable 
(I) matrerial  (J) matrerial  Mean 
Difference 
(I-J) 
Std. Error Sig. 
Chlorinated wool/nylon -2.31211 3.96239 .936 
Plasma wool/nylon -6.02361 3.96239 .439 
Untreated wool/nylon 
Hercosett wool/nylon -25.14614* 3.96239 .000 
Untreated wool/nylon 2.31211 3.96239 .936 
Plasma wool/nylon -3.71150 3.96239 .786 
Chlorinated wool/nylon 
Hercosett wool/nylon -22.83403* 3.96239 .000 
Untreated wool/nylon 6.02361 3.96239 .439 
Chlorinated wool/nylon 3.71150 3.96239 .786 
Plasma wool/nylon 
Hercosett wool/nylon -19.12253* 3.96239 .000 
Untreated wool/nylon 25.14614* 3.96239 .000 
Chlorinated wool/nylon 22.83403* 3.96239 .000 
Tensile 30s 
Hercosett wool/nylon 
Plasma wool/nylon 19.12253* 3.96239 .000 
Chlorinated wool/nylon -7.28098 4.26758 .340 
Plasma wool/nylon -17.53100* 4.26758 .002 
Untreated wool/nylon 
Hercosett wool/nylon -30.54700* 4.26758 .000 
Untreated wool/nylon 7.28098 4.26758 .340 
Plasma wool/nylon -10.25002 4.26758 .100 
Chlorinated wool/nylon 
Hercosett wool/nylon -23.26602* 4.26758 .000 
Untreated wool/nylon 17.53100* 4.26758 .002 
Chlorinated wool/nylon 10.25002 4.26758 .100 
Plasma wool/nylon 
Hercosett wool/nylon -13.01600* 4.26758 .024 
Untreated wool/nylon 30.54700* 4.26758 .000 
Chlorinated wool/nylon 23.26602* 4.26758 .000 
Tensile 60s 
Hercosett wool/nylon 
Plasma wool/nylon 13.01600* 4.26758 .024 
Chlorinated wool/nylon -2.06003 4.31230 .963 
Plasma wool/nylon -6.61900 4.31230 .431 
Untreated wool/nylon 
Hercosett wool/nylon -15.06400* 4.31230 .008 
Untreated wool/nylon 2.06003 4.31230 .963 
Plasma wool/nylon -4.55897 4.31230 .718 
Chlorinated wool/nylon 
Hercosett wool/nylon -13.00397* 4.31230 .026 
Tensile 90s 
Plasma wool/nylon Untreated wool/nylon 6.61900 4.31230 .431 
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Chlorinated wool/nylon 4.55897 4.31230 .718 
Hercosett wool/nylon -8.44500 4.31230 .228 
Untreated wool/nylon 15.06400* 4.31230 .008 
Chlorinated wool/nylon 13.00397* 4.31230 .026 
Hercosett wool/nylon 
Plasma wool/nylon 8.44500 4.31230 .228 
*. The mean difference is significant at the 0.05 level. 
 
